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Exploration of the mechanism of Rh3+ co-precipitation with copper sulfide (at low Rh concentrations) 
incorporating the cationic substitution reaction path 
Abstract 
This study is a preliminary investigation into the mechanism and kinetics of Rh3+ co-
precipitation with GuS upon aqueous thiosulphate addition to acidic base metal sulphate 
solutions, where Rh3+ concentration is two orders of magnitude lower than Gu2+, over 50 -
150 °G. The heterogeneous cationic substitution has been identified as a new precipitation 
path in metal sulfide co-precipitation, namely, the reaction between more soluble, co-
preCipitated metal sulphide (GuS) and the less soluble cation in solution (Rh3+), with the large 
Ksp difference providing the chemical driving force. 
The analysis of the available literature, thermodynamic modelling and comparative kinetic 
studies of the specific reactions systems suggests the following simplified Rh co-precipitation 
mechanism (leaving out spectator ions): 
Gu2+ + s2ol-+ H20 ~ GuS + H2S04 
2Rh3+ + 3S2ol- + 3H20 ~ Rh2S3 + 3H2S04 
Gu2+ + (GuS)x.nH2S ~ (GuS)(X+1).(n-1 )H2S + 2H+ 
Rh3+ + GuS.nH2S ~ GuRhS2.(n-1)H2S + 2H+ + e-
2Rh3+ + GuS.nH2S ~ GuRh2S4.(n-3)H2S + 6H+ 







Initially, homogeneous reactions occur prior to perceptible nucleation (1)(2), which is then 
followed by heterogeneous crystal growth, (auto-)catalysed by the presence of the 
precipitated metal sulfides (3)(4). Rh3+ and Gu2+ compete for the available aqueous sulfide 
during the initial ionic preCipitation (1 )(2), where the bulk of the Rh precipitation occurs. 
When [Rh3+]«[Gu2+], the overall - rCu(lI) (1)(3) » ..:. rRh(lII) (2)(4), consuming the available 
sulfide and limiting the amount of ionic Rh3+ precipitation. The GuS formed continues to 
preCipitate Rh3+ via the cationic substitution reaction (5), resulting in the enrichment of Rh 
towards the edge of the GuS particles. As the ratio of aqueous sulfide to GuS is sufficiently 
decreased, the dominant reaction path switches from ionic precipitation to cationic 
substitution, which either takes the Rh precipitation to completion or stops the precipitation 
through the passivation of the GuS. 
Temperature affects the reaction paths by affecting the relative ionic metal sulfide 
preCipitation rates of the competing metals. At 50 - 95 °G, the large amount of aqueous Gu2+ 
effectively decreases the rate and extent of Rh co-precipitation, because the substitution 
reaction path is significantly slower that ionic precipitation; and the Rh passivates the GuS 
particle. At 150 °G, Gu2+ has negligible impact on the Rh precipitation rate and extent, where 
GuS formed has greater surface area and the substitution reaction takes the Rh precipitation 
to completion. The initial ionic co-precipitation rate is highly temperature sensitive and is 
probably chemical reaction controlled, while crystal growth and cationic substitution reactions 
over the middle period are independent of temperature, indicating a switch to mass transfer, 
particularly at 150 °G. 
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This study is a preliminary investigation into the mechanism of rhodium(lIl) (Rh3+) co-
precipitation with copper sulfide (CuS) upon aqueous thiosulfate addition to synthetic, acidic 
base metal sulphate solutions, where the Rh3+ concentration is two orders of magnitude 
lower than the cupric ion (Cu2+). Theoretical thermodynamic and comparative kinetic studies 
have been performed over 50 - 150 °C on the individual reaction paths in isolation and 
simultaneously during co-precipitation, namely: 
1. Ionic Rh3+ precipitation with aqueous sulfide addition in the absence of Cu2+ in 
solution, 
2. Rh3+ precipitation through the cationic substitution reaction of Cu2+ onto CuS 
previously precipitated, 
3. Rh3+ and Cu2+ co-precipitation upon aqueous sulfide addition, occurring through paths 
1 and 2. 
The kinetics of the individual reaction systems and relative kinetics of simultaneous 
precipitation of Cu and Rh in the co-precipitation system are used to infer the dominant 
reaction path of the co-precipitation system. 
At these conditions, thermodynamic modelling shows that ionic Rh3+ precipitation is 
completely selective over Cu2+ precipitation upon the addition of a sulfide-containing reagent, 
because Rh2S3 is significantly more insoluble than CuS. However, in practice, the selectivity 
is sometimes sacrificed for improved precipitation kinetics and extent by adding a large 
excess of sulfide above the Rh requirement. The excess sulfide is preferentially consumed 
by CuS precipitation, limiting the amount of ionic Rh precipitation. 
The cationic substitution reaction: 
~Grxn = -160 kJImol using HSC Chemist~ 
has a large chemical driving force owing to the large difference in solubility products of CuS 
and Rh2S3• This type of irreversible reaction path has not been considered in kinetic and 
mechanistic studies of metal sulfide co-precipitation reviewed in the literature. Thus, this 
study takes a novel approach. 
Kinetic tests were performed under similar conditions in a batch pressure vessel at constant 
agitation and initial operating volume. A nitrogen atmosphere was maintained to prevent re-
oxidation, particularly at elevated temperatures. The tests were designed specifically to 
maintain comparative precipitation kinetics of the various reaction systems, particularly the 
ratio of sulfide addition to Rh3+, whether in the form of aqueous thiosulfate or previously 
precipitated CuS. Synthetic feed concentrations were approximately 13200 mgll Cu2+, 5500 
mg/l Ni2+, 15 gil sulfuric acid and 90 mgll Rh3+. Aqueous sodium thiosulfate was added at 37 
times the Rh requirement. 
The measured Rh precipitation extent and modelled kinetics for the three systems at 95 and 
150 °C are summarised in the illustration below. Kinetic modelling shows three distinctive 
precipitation periods, namely, the initial period showing very fast precipitation, the middle 
period approximated by pseudo first order kinetics and a final period showing a slow 
approach to completion, limited by passivation of the active surface, for all three systems. At 
50 °C, an induction period precedes the initial period prior to perceptible nucleation. At 
atmospheric temperatures, the empirical logarithmic fit provides a better model of the data 
over the whole precipitation profile, including the initial precipitation and final passivation. At 
elevated temperatures, the pseudo first order model provides an almost perfect fit over the 
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The bulk of Rh precipitation occurs during the initial period (1 - 2 min) for all three systems, 
primarily due to the large excess of sulfide being added. The initial rate decreases rapidly 
due to the consumption of the thiosulfate by decomposition to elemental sulfur in the ionic 
precipitation system, the consumption thiosulfate with CuS precipitation in the co-precipitation 
system and passivation of the CuS particles with increased Rh precipitation in the substitution 
reaction system. At 50 - 95 °C, the rate of Rh precipitation in the ionic precipitation system 
is significantly faster than the cationic substitution. As expected, the Rh precipitation rate in 
the co-precipitation system is between that of the ionic and substitution systems. At 150°C, 
similar precipitation rates are observed for the three reaction systems and the dominant 
precipitation path in the co-precipitation system cannot be determined without the comparison 
of Rh distribution in the CuS. 
The analysis of the available literature, thermodynamic modelling and comparative kinetic 
studies of the specific reactions systems suggests the following reaction mechanism for Rh 
co-precipitation with CuS: 
Cu2+ + s20l-+ H20 7 CuS + H2S04 
2Rh3+ + 3S20 32 + 3H20 7 Rh2S3 + 3H2S04 
Cu2+ + (CuS)x.nH2S 7 (CuS)(x+1).(n-1)H2S + 2H+ 





2Rh3+ + CuS.nH2S 7 CuRh2S4.(n-3)H2S + 6H+ (4.2) 
2Rh3+ + 3CuSs 7 Rh2S3 + 3Cu2+ (5) 
Initially, homogeneous reactions occur prior to perceptible nucleation (1)(2), which is then 
followed by heterogeneous crystal growth, (auto-~catalysed by the presence of the 
precipitated metal sulfides (3 and 4). Rh3+ and Cu + compete for the available aqueous 
sulfide during the initial ionic precipitation (1 )(2), where the bulk of the Rh precipitation 
occurs. When [Rh3+]«[Cu2+], the overall - rcu2+ (1)(3) » - rRh3+ (2)(4), consuming the 
available sulfide and limitin~ the amount of ionic Rh3+ precipitation. The CuS formed 













enrichment of Rh towards the edge of the CuS particles. As the ratio of aqueous sulfide to 
CuS is sufficiently decreased, the dominant reaction path switches from ionic precipitation to 
cationic substitution, which either takes the Rhprecipitation to completion or stops the 
precipitation through the passivation of the CuS. 
At 80 - 95°C, at the relative concentrations of this study, Cu precipitation is 2 - 3 times 
faster than Rh on a relative basis, where the last 55 - 65 % of the Rh will have to precipitate 
via the cationic substitution reaction path, but passivation limits the overall precipitation 
extent, even at 37 times excess of the sulfide requirement of Rh. The presence of large 
amount of Cu2+ effectively decreases the rate and extent of Rh co-precipitation, because the 
substitution reaction path is significantly slower that ionic precipitation and passivation 
occurs. At 150°C, Cu precipitation is only 30% faster than Rh, reducing the amount of 
precipitation via the substitution path to 10 - 20 %, taking the Rh precipitation to completion. 
Thus, at 150°C, aqueous Cu2+ has negligible impact on the Rh precipitation rate or extent. 
The bulk of Rh preCipitation occurs during the initial period, hence the initial precipitation 
conditions has a direct impact on the CuS carrying capacity and overall precipitation extent. 
Mechanistic changes across the co-precipitation systems are expected with increasing 
precipitation extent, progressing from primary nucleation (1)(2) to crystal growth (3) and co-
precipitation of the mixed sulfides (4), followed by cationic substitution (5). The rate-
determining step probably switches from chemical reaction to mass transfer, particularly at 
150°C. This is su~ported by the excellent pseudo first order kinetics over the middle period 
and final period (R : 0.999 for ionic and substitution systems; 0.95 for co-precipitation). The 
fact that model holds true for ionic and co-precipitation systems, as well as substitution 
reaction systems, supports the argument that the systems are being controlled by the same 
rate-controlling step, namely, the mass transfer of Rh3+ to the surface, which is a first order 
process. This is supported by Roy's study of Ni and Cu co-precipitation at 150°C, where 
the residence time of a turbulent pipe reactor required is 5 - 10 % of the 4-stage CSTR (Roy, 
1961). At atmospheric temperatures, the near independence of precipitation rate and 
temperature over the middle period could result from passivation. Thus, specific mass 
transfer test work is required to verify mass transfer limitations over the initial period and 
middle period separately over atmospheric and elevated temperatures. 
In order to achieve complete Rh recovery in the Rhodium Removal Section at Rustenburg 
Base Metals Refiners (Pty) Ltd, a process will have to be developed and designed to operate 
at elevated temperatures. Alternatively, mechanical activation of the precipitated CuS could 
be used to overcome the passivation at atmospheric temperatures. Knowledge of the rate-
controlling step is critical for optimal design of a precipitation system and specific mass 
transfer investigations are required to quantify possible improved precipitation extent at more 
turbulent conditions. 
In general, this work identifies an alternative precipitation path in the mechanism of metal 
sulfide co-precipitation. The heterogeneous cationic substitution reaction, with solubility 
differences providing the chemical driving force, must be considered when interpreting 
kinetics of co-precipitation mechanisms, particularly when co-precipitating a more insoluble 
metal sulfide at a much lower concentration from more soluble metal sulfides at a much 
higher concentration. The thermodynamic driving force (fiG) is the dominant effect on 
selectivity when the concentrations are similar. In the co-precipitation mechanism, both the 
thermodynamics and overall relative kinetics must be taken into account. The relative 
difference in the metal sulfide solubility products and the relative concentrations affect the 
overall precipitation rate, which affects the selectivity of competing precipitation paths. It is 
speculated that the cationic substitution reaction could be an additional reaction path during 
the period before perceptible nucleation, where S-containing Cu complexes CuS, associates 
and amorphous clusters of CuS could be replaced by the Rh3+, compared to ionic co-
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This study is a preliminary investigation into the mechanism of rhodium (Rh) co-precipitation 
with copper sulfide (CuS) under conditions where Rh3+ is two orders of magnitude lower than 
cupric ion. The effect of temperature over 50 - 150°C on the Rh co-precipitation kinetics and 
mechanism is of particular interest. Knowledge of the reaction kinetics and mechanism is 
required for process development, design and optimisation. 
1.1 Background 
During PGM refining, converter mattes and other feed material containing Platinum Group 
Metals (PGMs) are separated from base metals using selective, oxidative leaching of the 
base metals in acidic mediums, where some PGM dissolution can occur. Alternatively, the 
base metals and PGMs are purposefully leached into solution for downstream separation 
and recovery. The choice between cementation, reduction, ionic precipitation and other 
techniques like solvent extraction and ion exchange will be dependent on process stream 
conditions, purpose of recovery and the overall process economics. 
A number of production processes utilise selective metal sulfide precipitation techniques to 
separate base metals by exploiting the difference in their solubility products (Roy, 1961) 
(Tuominen and Groenquist, 1969) (Joris, 1969) (Harris et al., 1977). Similarly, production 
processes specific to PGM precipitation from base metals are also available. Barkan and 
Greiver (1977a) developed the process for separation of PGMs from anode slime leach 
solution using elemental sulfur at elevated temperatures. Johnson Matthey developed the 
Thioform Process for recovery of dissolved PGMs from waste streams by precipitating the 
PGMs using a mixture of sodium thiosulfate and sodium formate reagent (thioform), however 
the process has never been published (Payne, 1978). The thioform technology was 
implemented into Anglo Platinum's Precious Metal Refinery in Rustenburg on acid and basic 
effluent streams in chloride medium. Afterwards, the process was adapted and retrofitted 
into Rustenburg Base Metal Refiners on a pressure leach solution containing high 
concentrations of base metal sulfates (Mc George, 2000). More recently, the PLATSOL 
process uses a similar PGM recovery process by adding sodium hydrogen sulfide (NaSH) to 
precipitate dissolved PGMs from the base metal leach solution in a mixed sulfate and 
chloride medium (Dreisinger et al., 2001) (Ferron et al., 2001) (Fleming et al., 2000). 
The PGM co-preCipitation mechanism with base metal sulfides was speculative within 
Johnson Matthey and Anglo Platinum. The literature reviewed in this study showed that only 
a few kinetic studies were performed on metal sulfide co-precipitation (Roy, 1961) (Joris, 
1969) (Barkan and Greiver, 1977a) (Bryson and Bjisterveld, 1991), highlighting general lack 
of knowledge on the mechanism, which is surprising in view of the many production 
applications. This is particularly relevant to the Rhodium Removal Process at RBMR, where 
Platinum Group Metals (PGMs) are recovered from a process stream by co-precipitating the 
valuable metals with CuS. Rh is precipitated from a leach solution containing 10 - 50 mg/l 













concentration by adding approximately 20 gil sodium thiosulfate pentahydrate, to force Cu 
and Rh sulfide co-precipitation, precipitating 40 - 60 % of the Rh within 3 hrs. This process 
has to be optimised to maximise PGM precipitation, preferably by improving the selectivity of 
PGM precipitation over the base metals. PGMs not recovered from this stream are ultimately 
treated through a less profitable toll-refining route. 
At these conditions, both base metals and PGM sulfides are insoluble upon the addition of 
sulfide, thus ionic precipitation would occur through primary nucleation and secondary 
nucleation processes. Thermodynamic modelling shows that ionic Rh3+ precipitation is 
selective over Cu2+ precipitation upon the addition of a sulfide-containing reagent. This is due 
to the large difference between the solubility products of Rh2S3 and CuS. However, in 
practice, selectivity decreases due to relative kinetic effects. In some production processes, 
selectivity is purposefully sacrificed for improved precipitation kinetics and precipitation extent 
by adding a large excess of sulfide above the Rh requirement. Experience from the 
development of the Rhodium Removal Process showed that the large amount of cupric ion 
consumed the sulfide immediately, thus possibly limiting the amount of ionic Rh precipitation. 
However, a significant amount of Rh continued to preCipitate. 
One possible explanation for this continued precipitation is that additional Rh precipitates 
through a cation exchange reaction in the heterogeneous phase, referred to in this study as 
the substitution reaction. This reaction path was not considered in previous co-precipitation 
studies and the possible role of this bulk sulfide in the precipitation mechanism was not 
understood. 
For the Rhodium Removal system, where the solubility roduct for Rh2S3 is approximately 20 
- 47 orders of magnitude smaller than CuS, Rh3+ should preCipitate onto the CuS surface via 
the reaction: 
2Rh3+ aq + 3CuS s ~ Rh2S3 s + 3Cu2+ aq t.Grxn = -160 kJ/mol using HSC Chemistry® (1.1 ) 
The Gibbs free energy of -160 kJ/mol over 0 - 200 °C is a very large driving force for the 
chemical reaction, indicating that the reaction would be fast and irreversible. 
1.2 Objectives 
The objective of the current study is to expand the current understanding of the Rh co-
precipitation with CuS using sodium thiosulfate in a system containing Rh3+ concentrations 
two orders of magnitude lower than the base metal over 50 - 150°C. 
The specific objectives are to: 
1. Demonstrate that Rh preCipitates through a cationic substitution reaction, 
2. Measure the relative kinetics of ionic Rh precipitation against substitution reaction at 
constant sulfide addition, 
3. Determine which precipitation reaction path dominates in Rh co-precipitation 
mechanism, 
4. Measure the effect of temperature on the mechanism, 
5. Attempt to fit the kinetics to an appropriate model, 














1.3 Approach, Scope and Limitations 
This study has been performed through a comparative study of the relative kinetics of the 
independent reaction systems, namely: 
1. Ionic Rh precipitation with sulfide addition in the absence of Cu2+ in solution, 
2. Rh precipitation through the cationic substitution reaction 1 of Cu in CuS previously 
precipitated in the absence of Cu2+ in solution, and 
3. Rh co-precipitation with CuS formed In sHu upon sulfide addition, probably 
occurring through ionic and substitution reaction paths, 
by performing batch tests on the various systems at the similar conditions and measuring the 
relative- Rh precipitation kinetics and extent at 50, 80, 95 and 150 °C under a nitrogen 
atmosphere. 
The investigation is limited to the recovery of low concentrations of Rh3+ from synthetic 
solutions containing Cu and Ni sulfates and sulfuric acidic with concentrations two orders of 
magnitude greater than Rh. Sodium thiosulfate, which is used in the Rhodium Removal 
Section at RBMR, is used as the sulfide-containing reagent, as it has a lower toxicity than 
sodium sulfide. Reaction time is limited to 300 minutes. 
1.4 Thesis Outline 
Firstly, literature specific to metal sulfide precipitation is reviewed, covering ionic 
precipitation, cationic substitution reactions, co-precipitation, focusing on mechanism and 
kinetics. Studies specific to CuS co-precipitation and ionic CuS precipitation mechanism are 
then presented. This leads to the development of the hypothesis for the dominant reaction 
path during Rh co-precipitation with CuS, which is followed by the approach and specific 
tests, designed to answer the key que tions. 
Chemistry of the proposed system is provided and verified with thermodynamic calculations 
using HSC Chemist~ software package. Phase diagrams are constructed and solution 
equilibrium chemistry is modelled and discussed. Kinetic studies of the independent systems 
are presented and compared. Kinetic modelling is performed to gain an understanding of the 
mechanisms involved. Relative kinetics of the various reaction paths are compared. This 
leads to the development of the the Rh co-preCipitation mechanism. General conclusions 
are drawn with respect to the Rh co-preCipitation mechanism, kinetics and mechanistic 
changes, as well as the implications, of these findings on process development and 
optimisation. Finally, recommendations are made. 
1 The metathesis term, which seems to be a favourable term used to describe the reaction 1.1 in literature covering the 
development of hydrometallurgical development of NI pressure leaching (Hotlrek and Kerfoot, 1992) (Rademan et al., 1999), 
has purposefully not been used owing to the definition of the metathesis reaction, which In some cases excludes reactions not 
involving electron transfer or heterogeneous reactions. The ion exchange term describing the type of chemical reaction Itself is 
confusing, as this term has become an Industrial term describing ion exchange technolOgy, where Ion exchange sites are fixed 
to a solid substrate. In this thesiS the term cationic substitution has been selected to describe the metathesis or ion exchange 
or cation exchange reaction with the purpose of specifically including the heterogeneous reactions and electrochemical 


























2 LITERATURE REVIEW 
Literature covering co-precipitation of metal sulfides is very limited, particularly literature 
specific to the Rh and CuS co-precipitation system. Thus, literature of similar metal sulfide 
precipitation systems. has been reviewed, where findings would be applicable to the Rh 
precipitation system. The literature is presented by initially describing the current 
understanding of the co-precipitation mechanism and cationic substitution reaction 
separately. Ionic precipitation of metal sulfides is then covered. 
This leads to the development of the proposed mechanism of Rh co-precipitation with CuS, 
showing that the co-precipitation mechanism also occurs through a cationic substitution 
reaction path, which involves a novel approach. 
Additional detail on some of the key papers with additional comments and implications of the 
findings on this study is attached in Appendix C. Included in Appendix C is a number of 
additional references of literature related to the general study of metal sulfide (co-) 
precipitation, that are not specifically referred to in this thesis. 
2.1 Metal sulfide (co-)preclpltatlon mechanism 
The introduction section mentions that only a limited number of kinetic studies have been 
performed on metal sulfide co-precipitation (Roy, 1961) (Joris, 1969) (Barkan and Greiver, 
1977a) (Bryson and Bjisterveld, 1991), showing that there is no conclusive description of co-
precipitation mechanism in the literature. This is surprising in view of the many metal sulfide 
precipitation applications in production. However, a number of related papers provide 
valuable insights into the co-precipitation mechanism. 
Kolthoff and Moltzau (1935) attribute the "induced" co-precipitation of metal sulfides to the 
metal sulfides' strongly 'adsorbent properties towards H2S, HS- and S2-, where the more 
soluble metal is "carried down" with less soluble metal sulfide, under conditions where the 
more soluble metal would not precipitate if it were there alone. Post-precipitation is given as 
the primary mechanism for of the induced precipitation, which is promoted by the strong 
adsorption H2S. The induced precipitation process involves an exchange mechanism, where 
cations leave the solution and replace the hydrogen ions in the adsorbed H2S on the metal 
sulfide, releasing the equivalent amount of acid. The study highlights the autocatalytic effect 
or catalytic effect of metal sulfides during ionic precipitation. This (auto-)catalysed ionic 
precipitation would obviously affect the co-precipitation kinetics and mechanism due to the 
metal sulfides' strongly adsorbent properties towards H2S, HS- and S2-, which increases the 
precipitation rate at the surface, promoting crystal growth and reducing primary nucleation. 
Rudnevand Malofeyeva (1964) show that thallium co-precipitation with a number of precious 
metal sulfides and indium co-precipitation with CuS occurs by forming chemical compounds 
. in a microdisperse system of solid solutions of one sulfide in another. The later is very 
similar to the Rh co-precipitation with CuS, but the ratio of In:Cu is 1:1, while this study the 













studied by adding previously precipitated PGM sulfides to the thallium solution. Sulfide 
precipitates washed free from H2S co-precipitated significantly less thallium (5-15 times) than 
unwashed precipitates, while washed sulfides added to a sulfuric acid solution containing 
H2S, approximately half the thallium co-precipitated compared to the unwashed sulfides. In 
an attempt to understand the amount of adsorbed H2S on the co-precipitation of thallium, 
PdS and Ag2S adsorbs similar amounts of H2S, but thallium is not co-precipitated on the 
Ag2S. They conclude that H2S, HS- and S2- adsorption on the sulfide surface is a necessary 
condition, but not the only condition, for co-precipitation of cations. In addition, thallium is 
entrained in previously precipitated RU2S3 to the same extent as the co-precipitated system, 
probably due to the highly porous metal sulfide adsorbing the H2S, HS- and S2-. X-ray 
diagrams show that the compound for TI+ co-precipitated onto previously precipitated RU2S3 
is TIRu2Sa rather than TI2S on the RU2Sa surface. In their system, thallium co-precipitation 
with Rh2S3 via the reaction: 
TI+ + Rh2S3.nH2S ~ TIRh2S4.(n-1)H2S + H+ 
where, TI2S has a similar Ksp as CuS. Similarly, it is assumed that if Rh3+ is to co-precipitate 
with CuS via the analogous reaction in the presence of H2S, HS- and S2-: 
Rh3+ + CuS.nH2S ~ CuRhS2.(n-l)H2S + 2H+ + e-
and lor, 
2Rh3+ + CuS.nH2S ~ CuRh2S4.(n-3)H2S + 6H+ 
Rudnevand Malofeyeva (1964) and Kolthoff and Moltzau (1935) studies do not specifically 
cover the precipitation of the less soluble cation (Rh3+) with the previously precipitated metal 
sulphide (CuS) in the absence of adsorbed H~, HS- and S2-. This study focuses on the co-
precipitation of the less soluble metal (Rh3+) with the more soluble metal due to the relative 
concentrations in the feed solution, which can precipitate through an cation exchange 
reaction, covered in Section 2.2. 
Roy (1961), in the development of selective Ni and Co sulfide precipitation using H2S at 
elevated temperatures, studied the kinetics and mechanism of Co and Ni precipitation. The 
reaction switches from zero order with respect to Ni and Co concentration in the initial period, 
where the bulk of the metal has preCipitated under mass transfer of H2S, to first order kinetics 
towards the end of precipitation. Roy (1961) suggests that it is probably limited by mass 
transfer of Ni2+ to the sulfide surface, because faster kinetics were observed in the turbulent 
pipe reactor pilot plant compared to four agitated CSTRs in series, which corresponds with 
the measured first order kinetics. Roy (1961) shows the catalytic effect of seeding Ni 
precipitation using hydrogen sulfide with finely powdered metallic Ni, Fe or recycled product, 
supporting the metal sulfide catalytic effect demonstrated by Kolthoff and Moltzau (1935). 
Barkan and Greiver (19na) studied the precipitation of PGMs from the dissolution of anode 
slimes by adding elemental sulfur at elevated temperatures. The solution, obtained from 
leaching of Ni electrowinning slimes, consists of 200 - 220 gil sulfuric acid, 50 gil Cu+Ni, 120 
mg/I Rh, 40 mgll Ru, 20 mglllr, 140 mgll Te and 100 mgll Se. Rh precipitation is completed 
at -200 °C and -3 hours. Increasing the sulfur addition within the range of 5 - 30 gil 
increases the rate of PGM precipitation, though extensive PGM precipitation occurring at 
minimum sulfur consumption. Metals are precipitated in the following sequence: Rh, Ru, Te 
and finally Ir. The precipitate contains 4% PGMs, 2 - 3 % Se and Te, with CuS making up 
the bulk. This PGM co-precipitation system is very similar to the current system being 
studied in this research work, but the co-precipitation mechanism is not discussed. 
Barkan and Greiver (19na) have shown that PGMs start precipitating at temperatures lower 













reasons for this phenomenon. Based on this literature review and findings presented in this 
thesis, three possible reasons are offered: 
~ Catalytic effect of the CuS precipitated (Kolthoff and Mautzau, 1935), 
~ Cationic substitution of PGMs with CuS, providing an alternative path for precipitation, 
~ Formation of mixed sulfides (Rudnev and Malofeyeva, 1964). 
Techniques for concentrating PGMs from sulfate and chloride solutions by exploiting the 
collection properties of base metal sulfides for PGMs have been developed by Russian 
analytical chemists in the 1970's. These systems are also similar to the Rh co-precipitation 
system currently being studied. Base metal sulfides are either added directly (Dragavtseva 
et aI., 1977) (Mateeva, 1977) (Sinicyn et a/., 1977) or co-precipitated in situ from various 
sulfide-containing precipitating agents (Pshenitsyn and Prokof'yeva, 1958) (Myasoedova et 
a/., 1977) (Pavlenko et a/., 1974) (Shorikov et a/., 1986). At the correct operating conditions, 
complete PGM removal is possible. 
Pshenitsyn and Prokof'yeva (1958) investigated the use of thiourea for qualitative separation 
of PGMs from solutions, particularly Rh and Ir, where PGM complexing with thiourea occurs. 
Upon heating selective PGM sulfide precipitation occurs through hydrolysis at elevated 
temperatures between 120 -190 °C. Low concentrations of Fe, Ni and Se do not interfere 
with the analytical method, while Cu, Pb and Sn are partially co-preCipitated. This system 
differs from the current system being studied because the pH is significantly higher and thio 
complexing is not expected in this Rh and Cu co-preCipitation system. 
Shorikov et a/. (1986) precipitated Ru directly from synthetiC solution not containing base 
metals with polysulfides (NaSx), where 99.3 - 99.7% precipitation occurred in 60 - 90 min 
reaction time over 80 - 100°C. This system is similar to the ionic Rh precipitation system in 
the current study. A large sulfur excess was added at a ratio of S:Ru of 29 - 32 on molar 
basis. Significant reduction in metal transfer to precipitate occurs at a pH > 2 - 3 due to thio-
complexing in solution. Acidification decomposes the thio salts, which preCipitated the Ru 
sulfides and sulfur. This raises the concern that thiosulfate degradation could occur with the 
15 gil acid in the current study and a similar excess was added to overcome the problem. 
Bryson and Bijsterveld (1991) studied the kinetics of co-precipitating manganese (Mn) and 
cobalt (Co) sulfides from synthetiC solutions by adding ammonium sulfide in an attempt to 
understand the basic mechanisms controlling the removal of the Co impurity. This system is 
similar to the current system being studied, as the relative concentrations of the Mn and Co 
are similar to Cu and Rh. Additional excess aqueous sulfide is added in this industrial 
process to improve overall precipitation extent at the expense of Co selectivity. They show 
that MnS precipitation approximates first order kinetics, while precipitation of CoS shows 
three kinetic regions, namely, an induction period where little precipitation is observed, 
followed by rapid preCipitation and finally a very slow approach to equilibrium. Seeding the 
reactor with metal sulfide precipitate from previous runs eliminates the induction period 
completely. It is expected that the Rh and Cu co-preCipitation system would provide similar 
kinetics if it is operated at the same ambient temperature. 
Increasing the temperature increases the base metal or PGM metal sulfide precipitation 
kinetics significantly (Roy, 1961) (Pshenitsyn and Prokof'yeva, 1958) (Myasoedova et a/., 
1977), where at high temperatures this induction period does not occur. This is supported by 
findings during process development work of the Rh Removal Section at RBMR (Mc George, 
2000). The large dependence of precipitation kinetics on temperature indicates that the co-













2.2 Rh precipitation through the cationic substitution reaction 
Russian analytical chemists developed analytical techniques for concentrating PGMs from 
sulfate and chloride solutions by exploiting the collection properties of base metal sulfides. 
Dragavtseva et al. (1977) and Mateeva et al. (1977) collected PGMs onto mechanically 
activated FeS and NiS. Sulfides not activated show significantly less dissolution in the cation 
exchange reaction, demonstrating the expected relationship between increased surface area 
and PGM precipitation extent in this heterogeneous reaction. Complete dissolution of the 
base metal through PGM precipitation shows that, at these conditions, the PGM sulfide 
passivate the base metal sulfide if sufficient surface area is available. 
Dragavtseva et al. (1977) developed an analytical technique for extracting PGMs from 
solutions containing hydrochloric acid using activated pyrrhotite. The pyrrhotite was 
activated through fine milling and added to the solutions and agitated at room temperature in 
order to precipitate PGMs. FeS dissolution kinetics increases with increasing milling time 
and Pd precipitation kinetics increases with this increase in activation. Limiting precipitation 
capacity appeared to be -2300 mg Pd/g FeS. Pyrrhotite precipitation capacity for Pt and Rh 
is measured at approximately two orders of magnitude lower than Pd and Os. Based on the 
experimental data they propose that the mechanism of PGM precipitation is a multistage 
process consisting of precipitation of sulfides, reduction to elemental form by ferrous ion, as 
well as surface adsorption on pyrrhotite and precipitated PGM sulfides side-by-side. 
Adsorption increases with increasing valence of adsorbed PGMs. Mateeva et al. (1977) 
show that complete FeS dissolution is achievable within 15 - 30 min, whilst not-activated 
FeS only achieves 15% dissolution in the same time. NiS dissolution proceeds at a 
significantly slower rate. Pyrrhotite effectively removes Os, Pd, Pt and Rh, whilst NiS 
removes Os, Pd and Pt, but no Rh. Sinicyn et al. (1977) contradict the finding of no Rh 
precipitation on NiS, who later show that Rh precipitation can occur on NiS. 
Sinicyn et al. (1977) studied the factors influencing Rh removal from sulfate solutions using 
iron hydroxide and sulfides of Cu and Ni. For all adsorbents, a rapid increase in adsorption 
rate is noticed with increasing temperature. Difference in behaviour of adsorbents in pH 
range of 1-2 was measured, which could be used for quantitative Rh removal using metal 
sulfides in the presence of Fe. The various parameters studied are temperature, reaction or 
contact time, pH, quantity of precipitate and solution, and Rh concentration in solution. 
Sinicyn et al. postulate that the adsorption mechanism is based on chemical ion exchange, 
since physical adsorption rate would decrease with temperature. They noticed that the 
higher the difference between the PGM and base metal solubility products was, the higher 
the PGM precipitation rate. These papers clearly demonstrate that metals with lower 
solubility precipitate onto more soluble metal sulfides through some form of cation exchange 
mechanism, thought the mechanisms proposed are not formally proven. 
These PGM precipitation reactions onto metal sulfides are similar to metathesis or cation 
exchange reactions described in the chemistry of Ni pressure leaching (Hofirek and Kerfoot, 
1991) (Rademan et al., 1999), for example: 
NiS + Cu2+ ~ Ni2+ + CuS 
Ni3S2 + 2Cu2+ ~ 2Ni2+ + CU2S + NiS 
These cation exchange reactions are supported by findings of research performed on the 
mechanism of copper activation of mineral sulfides in froth flotation (Allison, 1982) 
(Sutherland and Wark, 1955) (Bushnell and Krauss, 1961) and water treatment for removal 
of heavy metals (Phillips and Krauss, 1964). Allison (1982) and Sutherland and Wark (1955) 













stoichiometry of the reactions, with the driving force for the reaction coming from lower 
solubility of the CuS sulfide product. Nicol (1984), using potentiostatic and cyclic-voltametric 
measurements, shows that cation replacement in the metal sulfide can also occur through an 
electrochemical mechanism involving the anodic oxidation of the metal sulfide coupled to the 
cathodic reduction of sulfur in the presence of copper ions. 
Evidence showing that cation exchange can occur through an electrochemical mechanism 
does not imply that it does occur. The potentiostatic and cyclic-voltametric measurements 
experiments themselves may have forced the conditions for the mechanism to be 
electrochemical. Rather, Nicol's work highlights that the cation exchange reaction is not 
necessarily a simple ion exchange and could involve an electrochemical mechanism. The 
actual mechanism may be important, but it is inconsequential to the overall chemical 
reaction, as the overall effect would remain a cation exchange process. 
In the comprehensive "adsorption" study of cation precipitation with various precipitated 
base metal sulfides in an amorphous form, Philips and Krauss (1964) state that even though 
the possibility of conversion is a function of the relative stabilities of the sulfides, neither the 
rate of reaction nor the conversion seem to be related to the relative solubilities. The nature 
of the solid and the rate of diffusion of the cation are presumably more important factors. 
This is contrary to the findings of Sinicyn et af. (1977), where larger solubility product 
differences caused faster PGM precipitation kinetics. The contradiction can be explained by 
the fact that the reaction systems of the two studies were performed under completely 
different fluid dynamics and temperatures. Phillips and Krauss' findings are related to 
adsorption column at 25°C, where the reaction rate was slow and diffusion may have been 
the rate-controlling step i.e. the driving force of the rate-controlling step is not related to the 
relative solubilities. In comparison, Sinicyn et af. findings were determined at 100°C. This 
Russian paper does not clearly describe the agitation regime, though it was probably 
performed in a well-agitated reactor, where the rate-controlling step would probably be 
chemical reaction. At these conditions, the chemical driving force is directly related to the 
difference in solubility products. From this comparison, it could be inferred that temperature, 
and possibly agitation, could have an impact on the rate-controlling step. Thus, at certain 
conditions, the rate-controlling step could change from chemical reaction to mass transfer, 
which can have a significant impact on the design and operation of the co-precipitation 
system. 
Increasing the temperature increases the cation exchange kinetics (Dragavtseva et af., 
19n) (Mateeva et af., 19n) (Sinicyn et af., 19n). The temperature effect on kinetics would 
indicate that the substitution reaction is chemical reaction controlled (Levenspiel, 1972). 
Previous researchers into the co-precipitation mechanism overlooked the possibility of 
cationic substitution reaction describing some of the co-precipitation phenomena. For 
example, Bryson and Bijsterveld (1991) omitted to consider the cationic substitution of Mn2+ 
in the precipitated MnS by the less soluble C02+ reaction to explain the precipitation kinetics 
and mechanism. Seeding the system with MnS could have eliminated the Co induction 
period by immediately precipitating through the cationic substitution reaction rather than 
through the catalytic effect of the seed during ionic precipitation. Cobalt's very slow 
precipitation kinetics in the third region could possibly be caused by passivation of the MnS 
reactive surface during the cationic substitution. 
This study takes a novel approach of incorporating the possible cationic substitution reaction 
into the co-precipitation mechanism. This cationic substitution reaction is confirmed in the 













2.3 Covel/ite precipitation 
The elucidation of a mechanism of Rh co-precipitation on CuS requires the study of the 
mechanism of ionic CuS precipitation alone. It is postulated that the ionic Rh precipitation 
would occur through a similar precipitation mechanism as CuS. A summary of pertinent 
papers in the order of the oldest to most recent is discussed below. 
Mosselmans et a/. (1995) have studied the structural changes undergone by amorphous CuS 
precipitates by X-ray adsorption spectroscopy when precipitated from solution. They show 
that the precipitate contains only Cu(l) and ages to covellite, but the initial form is dependent 
on the concentration of Cu(lJ) solution. Low concentration solutions give rise to brown sol, 
while more concentrated solutions produce a black floc, which has a close Cu-Cu interaction. 
Precipitation occurs at 10°C. 
Pattrick et a/. (1997) studied the structure of amorphous CuS precipitated from aqueous 
solutions at 5 °C using X-ray adsorption. They revealed the existence of a metastable 
primitive structure that ages to amorphous covellite. Extended X-ray adsorption fine 
structure spectroscopy (EXAFS) demonstrates the presence of the sulfide (S2 -groups) and a 
Cu-S interaction; the latter is not found in covellite. Cu La-edge spectra reveals only Cu(l) to 
be present in all preCipitates formed. X-ray photon spectroscopy (XPS) confirms the Cu(l) 
and reveals three types of S, namely, S2-, S2 - and a very Cu deficient sulfide or HS-. Upon 
aging, the primitive structure transforms into covellite by reordering the S2- and Cu3S-CUS3 
layers. The timing of the electron transfer between Sand Cu is said to either take place in 
solution such that 6Cu(l) + 3S/- precipitates or in the solid phase after CuS precipitation. 
Pattrick et a/. are not sure when the reduction to Cu(l) occurred. 
Volkov et a/. (1988) studied the mechanism for the formation of CuS nanoparticles by in situ 
reactions in Poly(acrylic acid)-poly(vinyl alcohol) polymer matrix using UV-vis and IR 
spectroscopy, X-ray diffraction and gravimetric analysis. They describe the whole process of 
the formation of the CuS disperse phase nanoparticles involving the following stages: 
forming S-containing Cu complexes (within 1.5-2 min), appearance of various associates 
through coalescence of complexes and already formed associates, followed by growth the 
associates yielding sufficiently densely packed volume structures or CuS amorphous clusters 
(10 - 40 min), and finally, the interaction of the clusters through a coagulation and 
coalescence form the crystalline CuS particles. Increasing the temperature of precipitation 
causes a rapid increase in nanocrystallite formation. The surface metal atoms remain bound 
with the functional groups of the polymer matrix through all stages of the nanoparticle 
formation. 
Luther et a/. (2002) used a number of experimental techniques to clarify when Cu(lJ) 
reduction occurs in CuS precipitation at 25°C. During cluster formation from CU3& ring 
condensation, the release of some Cu(lJ) back into solution indicates that this electron 
transfer between Cu(lJ) and the S2- occurs after the Cu-S bond formation and higher order 
cluster formation. Electron paramagnetic resonance (EPR) spectroscopy data analysis 
confirms that the covellite mineral formed contains only Cu(l) and that the Cu(l) forms in 
solution. Mass spectrometry data on covellite and laboratory prepared solid and solution 
CuS materials indicate CU3S3 six-membered rings form in solution. The rings are the building 
blocks for aqueous CuS molecular clusters, which lead to CuS precipitation, better presented 
as copper (I) disulfide (CU2S2)' Frontier molecular orbital analysis for Cu(lJ) and sulfide 
indicate that an outer sphere electron transfer is symmetry forbidden, which is consistent with 
electron transfer occurring after the Cu-S bond formation via an inner-sphere process. 
In hydrometallurgical processes, Van Hille et a/. (2005) highlight two difficulties experienced 
in sulfide precipitation, namely, the formation of fine particles due to primary nucleation, 













and high localised sulfide concentration caused the formation of polysulfide complexes, 
consuming the sulfide reagent, which compromises metal removal. In the mixed Ni/Co 
system, Lewis (2006) reduces fines formation by reducing the local super-saturation by 
multiplying the feed points over the fluidised bed reactor. In contrast, fines formation in the 
CuS system cannot be avoided due to high super-saturation caused by a more insoluble 
CuS. The findings were applicable to precipitation at room temperatures. 
At higher temperatures (60 - 95 DC), experience from the Rhodium Removal Section 
development test work and plant operation at RBMR shows that CuS precipitation upon 
thiosulfate addition initially turns the solution to a murky, colloidal green/brown colour within 
the first second, which rapidly converts to a dark brown or black covellite precipitate within 
approximately two seconds. The particle size distribution has a D50 of approximately 20 ~m, 
with some particles being as large as 100 ~m. These particles have been produced in a 
continuous stirred tank reactor, where more crystal growth can occur. 
2.4 Hypothesis for Rh co-precipitation mechanism with CuS 
The Rh co-precipitation mechanism proposed for Rh concentration two orders of magnitude 
lower than Cu is as follows: 
1 . Reduction of solution oxidation potential with reducing agent, 
2. Ionic precipitation of CuS with sodium thiosulfate through primary nucleation, 
3. Ionic Rh precipitation, catalysed by CuS precipitate, possibly forming mixed sulfide 
compounds, 
4. Rh3+ cationic substitution of Cu2+ in the preferentially precipitated CuS, in the absence 
of aqueous or adsorbed sulphide, leaching Cu2+back into solution. 
It is proposed that co-precipitation occurs predominantly through the substitution reaction 
path in the heterogeneous phase, as a large amount of Cu2+ preferentially consumes the 
available sulfide ion. Operating temperature may affect the relative amount by changing the 
overall relative ionic precipitation kinetics of Cu2+ and Rh3+. Rh co-precipitation can be 



























3.1 Sulfide precipitation 
3.1.1 Ionic precipitation 
Habashi (1999) in his textbook on hydrometallurgy briefly describes sulfide precipitation and 
this is summarised below. 
Ionic precipitation reactions have the general equation: 
yMeX+ + xAY" ~ MeyAx(s) 
where 
anion with negative charge y 
metal with positive charge x 
Metal compound precipitate 
(3.1) 
Sulfide precipitation kinetics are usually fast because the precipitate formed has low solubility 
and is attracted together by electrostatic forces (Habashi, 1999). 
For Cu and Rh ionic precipitation pertinent to this study: 
Cu2+ + S2- ~ CuS s 
2Rh3+ + 3S2-~ Rh2S3s 
The solubility product (Ksp) is given by: 
Ksp, Mes = {Me2+}{S2-} 
for the reaction: MeS ~ Me2+ + S2-
activity of metal ion 




This gives the equilibrium relationship between the activity of the metal ion and sulfide ion 
with the precipitated metal sulfide, which is defined as unity. The Ksp of base metal and 
heavy metal sulfides are very small; hence the materials are very insoluble. The Ksp at 25°C 
in water for Rh2S3 and other metal sulfides like CuS are summarised in Table 3.1 in Section 
3.1.2. Rh2S3 ranges from 10-
53 - 10-83. 
The chemical driving force for pure, ionic metal sulfide precipitation is given by the 
thermodynamic relationship: 












where l1G is the Gibbs free energy (chemical driving force), 
R is the universal gas constant and 
T is the absolute temperature 
Theory 
The negative l1G implies that the reaction occurs to the right. The large negative number 
implies that the reactions can be taken as irreversible. 
There are a number of possible Rh sulfide compounds that could form. Rh2S3 compound is 
precipitated as a black powder upon addition of hydrogen sulfide to Rh chloride solutions 
(Griffith, 1967). Rh2Ss, Rh3S4, and Rh9Sa, as well as Rh2S3, are included in the HSC 
Chemist~ database. The later compounds require the ionic precipitation to undergo 
electrochemical reactions during the ionic precipitation. 
An increase in precipitation temperature leads to and increase in the primary nucleation rate 
(Sohnel and Garside, 1992), which will lead to more particle formation, with relatively less 
crystal growth, causing finer particles with more total surface area. 
3.1.2 Cationic substitution 
The general definition for metathesis reaction, or sometimes called exchange reactions or 
double decomposition reactions, is a chemical reaction between two compounds in which 
parts of each are interchanged to form two new compounds, illustrated by the following 
reaction: 
AB + CD =AD +CB (3.3) 
The general cation exchange / substitution / metathesis reaction in metal sulfides in a sulfate 
medium is given by: 
Me'S04 aq + Me"S s ~ MelS s + Me"S04 aq (3.4) 
where Mel is less soluble than Me", and thus the solubility product, KsP,I, is smaller than KsP,II 
and Mel replaces Me". It can be shown that the l1Grxn is always negative if Me"S is less 
soluble than MeIS. In Chapter 5, the l1G of Rh3+ cation exchange with CuS is calculated as a 
large negative number, thus showing that the reaction is favourable. 
For the Rh substitution reaction: 
(3.5) 
The reaction equilibrium constant is given by 
K _ { ell 2+ } 312 {ellS} _ {ell 2+ } 312 = K ~S3 
- {Rh 3+}{Rh2S3 } - {Rh3+} KCuS~KcuS 
where activities of the solids are unity activity of the sulfide in (3.2) cancel out. 
The chemical driving force for metal sulfide substitution is given by the thermodynamic 
relationship: 
L\G = -RTln( KJt;J 
KcuS KcuS 












R is the universal gas constant and 
T is the absolute temperature 
Theory 
Table 3.1 provides a summary of solubility products of metal sulfides relevant to this study or 
cited in the literature. The data highlights the various solubility differences of the various 
metal sulfides. 
Table 3.1: Solubility I)roduct (Ksp) usln« molar basis on metal 
Reference Rh~3 Rh3S4 RhsSs RhsS15 Rh1oS23 CuS Cu2S NiS FeS CoS MnS TI2S In2S3 AQ2S 
Kalthoff and 
Moltzau 1x10·1S -
(1935) 1x10.20 1x10-(J5 
Monhemius 




8x10-37 4x10.20 8x10·19 5x10·22 3x1O'14 6x10'22 10.73 8x10-51 tf-split,hr 
HSC 
database 7x10·84 ~X10·79 ~X10-67 2x10-65 3x10-88 4x10-37 2x10·24 1x10·22 1x10·17 1x10-43 !4x10·14 
HSC KnIIcke'91, a.rIn'89 ~_7S _'88 
References 
_'91, 01_'98, ~~ a.rIn'93 w:.= ~95, KnIIcke'91 Mlls'74 MIIa'74 ,...74 MIIe'74 Lanclolf 00 a.rIn'93 Sk.D1ie 01 
, . 
Note: HSC calculated data had to be adjusted to a per mole baSIS of metal Ion precipitated for direct compansons 
A more general qualitative order of metal sulfide solubility from most soluble to least soluble 
is given by: FeS <ZnS <NiS <CoS <PbS <CdS <CuS <Ag2S <HgS <lr2S3 <Rh2S3 <PtS2 
<RUS2 <OSS2 <AU2S3 (Thomas, 1964). 
The cationic substitution precipitation path has not been described in the general 
precipitation theory reviewed. 
3.1.3 Metal sulfide co-precipitation 
The general co-precipitation reaction is approximated by (Rudnev and Malofeyeva, 1964): 
MelS04aQ + Me"S.nH2S ~ Mel Me"S2.(n-l)H2S + 2H+ + S04aQ 
For Rh co-precipitation with CuS in the presence of H2S, HS- and S2-: 





In the absence of H2S in solution cationic substitution reactions in Section 2.2 and 3.1.2. An 
increase in precipitation temperature should lead to faster primary nucleation (Sohnel and 
Garside, 1992), leading to finer particles with more surface area. 
3.2 Kinetic modelling theory 
This section is based on Chapter 3 of Levenspiel's book on Chemical Reaction Engineering, 
assuming homogeneous reaction kinetics is applicable, and Chapter 12 for heterogeneous 













3.2.1 Homogeneous ionic precipitation 
During the initial stage of MeS precipitation the reaction would take place in the 
homogeneous solution phase with reaction: 
The reaction rate may be a function in the form of 
where k 
x+y 
is the overall rate constant 
order of reaction. 
3.2.2 Pseudo first order kinetics 
For ionic Rh precipitation in the bulk phase (or heterogeneous reaction can be approximated 
by homogeneous reaction kinetics): 
Assuming excessive thiosulfate addition, 
dCRh -r: =---=kC 
Rh dt 1 Rh (3.8) 
where 
k1 is the apparent or pseudo rate constant 
k is the rate constant 
Separating and integrating over [Rh]o to [Rh] over time = 0 to t provides 
(3.9) 
CRh Plotting -In --vs t gives a straight line with slope k1 going through the origin if the 
CRhO 
kinetics are first order. 
However, if the y-intercept is greater than zero, while a significant linear relationship is 
maintained, then this shows that there is a delay before the first order kinetic relation applies. 
Graphically, this delay is the time required to shift the linear fit to the right to pass through the 
origin. Mathematically, this is performed by using the first data point of the linear fit after the 

















pseudo or apparent time 
time delay before model fits first order kinetics. 
3.2.3 Pseudo second order kinetics 
Theory 
(3.10) 
When Na2S203 is added in excess it would effectively remain constant and the rate equation 
will reduce to pseudo second order, assuming x equals 2. 
dC Rh 2 -r =---=kC 
Rh dt 1 Rh (3.11) 
where 
Separating and integrating over CRh,o to C Rh over time = 0 to time = t provides 
(3.12) 
The reaction is second order if plotting ,,_1_ vs t" gives slope k1 and intercept _1_. 
C Rh CRh,o 
For a time delay ~, 
(3.13) 
where tl=t_~ 
3.2.4 Modelling the Arrhenius rate equation 






overall rate constant 
frequency factor 
activation energy 
universal gas constant 
temperature in Kelvin 

















Plotting In (k) against 11T provides the activation energy and frequency factor constants, 
where Ea = slope * R 
1<0 = exp(y-intercept) 
For pseudo first or second order relation, where the thiosulfate concentration is in excess 
and effectively remains constant, the measured rate constant is given by: 
(3.16) 
The reaction rate constant is given by: 
or k where concentration is in molll 
Applying the above procedure would measure the pseudo rate constant (k1) and the 
exponential of the y-intercept would provide the pseudo frequency factor (kol) and 
Modelling CRh for a specific, initial CRh,O and constant CN82S203 and temperature over time: 
(3.17) 
3.2.5 Modelling heterogeneous Ionic precipitation reactions 
As soon as precipitation occurs through crystal growth at the surface, the process then 
switches to a more complex heterogeneous reaction system involving a number of process 
steps. 
The process steps are: 
1. Rh3+ diffuses from the bulk solution through the boundary layer to the surface of the 
CuS particle, 
2. S2032- S2-, HS- and H2Saq diffuse from the bulk solution through the boundary layer to 
the surface of the CuS particle, 
3. Additional macro and micro pore diffusion can occur into the CuS particle, 
4. Adsorption of the cations and anions onto the CuS solid surface, 
5. Ionic chemical reaction on the surface, depositing Rh sulfides, 













The overall kinetics would be determined by the rate-controlling step. The appropriate model 
and rate-controlling step would have to be evaluated, which is probably the reverse of the 














3.2.6 Cationic substitution reaction 
This heterogeneous reaction, 
2 Rh3+ aq + 3CuS s ~ Rh2S3 s + 3Cu2+ aq 
would pass through a number of sub-processes provided in Section 3.2.5. The overall 
kinetics is determined by the rate-controlling step. However, in this particular case the CuS 
is added in large excess, thus the surface area could be assumed constant. At these 
conditions the overall reaction kinetics may be approximated by homogeneous, pseudo first 
order kinetics. 
Very fast Rh precipitation kinetics at the surface could lead to Rh3+ concentration at the CuS 
surface approaching zero and the reaction rate could switch to diffusion control across the 
boundary layer. Assuming constant area, at steady state the reaction rate at the surface is 
equal to the mass transfer rate-controlling step. 





rate of Rh consumed in the liquid 
Rh concentration in the bulk solution 
Rh concentration at the surface 
mass transfer co-efficient over the boundary layer 
The rate of Rh consumption at the reaction site at the surface is: 
where 
At steady state QRh,s = QRh,lIq 
thus 
rate of Rh consumed at the surface of the solid 
Rh concentration at the surface 




Solving 3.20 for CRh,s and substituting back into 3.18, as it cannot be measured, provides the 
overall equation for the rate of Rh precipitation: 
QRh,liq = -!<overall CRh,b (3.21) 
which is a first order relationship. 
!<overall is a function of ks ,kL and acus and will remain constant only if acus is in large excess, 
effectively remaining constant. If acus decreases, then the measured koverall will decrease as 
well, effecting the first order kinetics. 
Thus plotting the rate of Rh consumption at a particular solution concentration against that 
Rh solution concentration should give a straight line through the origin. 
Mass transfer limiting process is supported by finding by Roy (1961) at elevated 













batch reactor to the turbulent pipe reactor, as well as measuring first order towards 
precipitation completion. 
3.2.7 Co-precipitation reaction 
This reaction involves simultaneous ionic precipitation and substitution reaction and its 
kinetic modelling would more than likely correspond with the kinetic modelling of the 
dominant individual path. 
3.2.8 Calculation of the reaction rate 
The rate of Rh preCipitation (- r Rh) at a particular time was estimated by differentiating the 
model of the precipitation extent, where: 
- r Rh = CRh,o (dXRh I dt) (3.22) 
For (pseudo) first order kinetic model: 
- r Rh = k measured . C Rh 
where k measured is the overall rate constant for the middle period and CRh is the actual 
concentration measured. 
For the precipitation data at atmospheric temperatures, the logarithmic function (y = a In(x) + 
b) in Fig 6.19, where: 
y = Rh precipitation extent (XRh) 
x = time (t), and 
a , b = constants of the logarithmic fit 
- r Rh at a particular time was calculated by: 
- r Rh = CRh,o (dXRh I dt) 
= CRh,o . dldt(a In(t» 
= CRh,o' a It 
and the Rh concentration at time (t) is estimated from the model by: 




























4 EXPERIMENTAL DESIGN 
4.1 Overview 
The approach taken is divided into a theoretical thermodynamic study of the proposed 
chemistry and a practical study measuring the relative kinetics. 
4.1.1 Thermodynamic study 
Thermodynamic properties of the various chemical reactions have been calculated for the 
~H, ~S, ~G, K and 10gK over 0 - 200°C using HSC Chemist~ chemical reaction and 
equilibrium software package, which has an extensive thermo-chemical database. This 
shows whether the reactions are possible from a thermodynamic perspective and gives a 
measure of the expected driving force for the chemical reaction. 
Eh-pH equilibrium diagrams and equilibrium compositions diagrams have been generated for 
the S-Cu-Rh-H20 systems at elemental concentrations pertinent to this study, namely, 20 gil 
Cu, 100 mgll Rh and 10 gil S. The diagrams provide the stable region of the various 
possible compounds with respect to the electropotential of solution and pH. The effect of 
temperature and Rh concentration on the system is shown. The modelling is performed for 
all the species in the HSC database and then for selected species providing a more realistic 
metastable case. 
Equilibrium compositions diagrams have been generated for the S-Cu-Rh-H20 system over 
various thiosulfate addition amounts to the same solution composition. The relative amount 
of the ions and compounds formed at equilibrium are calculated at 95°C and 150°C, Rh 
concentration 100 mgll and 10 gil. The effect of initial acid concentration is studied. The 
modelling is performed for all species and compared to the metastable case. 
The thermodynamic study is limited by the fact that thermodynamics predicts whether 
something is possible. However, the fact that something is possible does not imply that it 
actually will occur at an appreciable rate. Kinetic effects must be taken into consideration 
and kinetic models cannot be created without actual measurement of the process. 
4.1.2 Kinetic study 
In order to determine the dominant reaction path for Rh co-precipitation with CuS, the 
kinetics and extent of Rh precipitation through the ionic precipitation and substitution reaction 
were measured in isolation and compared to the combined effect during co-precipitation. 
SynthetiC feedstock solutions were produced individually for each test from analytical quality 













sulfates and sulfuric acid concentrations approximately two orders of magnitude higher. The 
calculated make-up feed concentrations are provided in Table 3.1. 
The tests were designed specifically to keep all the variables constant, particularly the ratio 
of sulfide addition to Rh ion, whether in the form of thiosulfate or previously precipitated CuS, 
in order to be able to compare the relative kinetics of the various systems. All the kinetic test 
work was performed in the same batch pressure vessel, at constant agitation and initial 
operating volume. Additional steps taken to ensure comparable test conditions are provided 
in the Section 4.3. 
Reaction profiles over time were generated at 50, 80, 95 and 150°C to evaluate the effect of 
temperature on the reaction path, as well as measure the activation energies for the three 
reactions. Thus a total of 12 kinetic tests were performed at specific test conditions provided 
in Section 4.5. Up to 11 samples of -100 mL each were taken for each precipitation profile, 
which reduced the original volume by up to a maximum of 25%. 
The batch pressure vessel operates as a closed bomb, thus the pressure was controlled 
manually. All tests were performed under a nitrogen atmosphere to avoid re-oxidatlon of the 
metal sulfide precipitate, particularly at elevated temperatures. The system was purged with 
nitrogen to strip the oxygen from the water during the heat-up phase at atmospheric 
temperatures. Temperature was controlled using an automatic temperature controller using 
an on/off electrical heating jacket and on/off cooling water in a submerged cooling coil. 
Mineralogical studies would provide a comparison of the distribution of Rh substituted and 
co-precipitated in the CuS and specific compound formation to assist in determining the 
dominant reaction path. 
4.2 Methodology and Procedure 
4.2.1 Feed preparation 
The feedstock for each individual test was prepared by weighing out the required base metal 
salts and acid as per the calculated requirements and added to 5.2 L demin water, which 
included the Rh solution volume if it were added up front. Rh volume was accurately 
pipetted from the 10 gil Rh2(S04)a standard stock solution. Concentrations are provided In 
Table 4.1. 
Tbl41 S thetit d k t tl I lated t t t a e • . iyn c ee ma e-uJ! concen ra ons ca cu or various es s . 
Calculated Concentrations 
Element Units Path 1 Path2a Path 2b Path 3 
In situ co-
Ionic Rh pptn CuSpptn Substitution pptn 
Rh(lII) as Rh2(S04h mgll 96 0 0 96 
Cu(1I) as CUS04 gil 0 14.2 0 14.2 
Ni(lI) as NiS04 gil 0 5.5 0 5.5 
Fe(lI) as FeS04 gil 0 0 0 0 
H2SO4 gil 15 15 15 15 
Na+ as Na2S04 gil 0 0 0 0 













A number of precautions were taken to assist troubleshooting or to simplify the system. 
Potassium was added as a tie element to adjust concentrations for any dilution effect from 
filtration or errors or concentration effect from elevated temperature operation, particularly 
flashing off samples. Iron, which is normally in plant leach solutions, was not added to the 
feed solutions, to avoid iron hydrolysis reactions at elevated temperatures, as well as post 
precipitation in the filtrate samples. This simplified the system, as iron oxides and hydroxides 
can precipitate PGMs (Chapter 5) (Barkan and Greiver, 1977b). 
Sodium thiosulfate was injected at temperature in the ionic and co-precipitation test, as well 
as CuS preparation in part (a) of the substitution reaction, while Rh was injected at the 
desired temperature to the CuS slurry in part (b) of the substitution reaction. The starting 
point of the reaction is defined as time zero (t=O) at the point of reagent injection. 
Prior to reagent injection, a feed sample was taken at the desired operating temperature to 
compare the analysis with the design value. This extracted feed sample and subsequent 
reagent injection with flush water caused dilution and the actual feed concentrations at time 
zero had to be calculated (Table 4.3 in Section 4.5.1). Comparison of the measured value 
with the design value, as well as taking cognisance of the metal accounting, was used to 
estimate whether gross errors had occurred in the feed make-up procedure. 
4.2.2 General operating procedure 
The pressure vessel was operated as per the Anglo Research standard operating procedure 
by a Pressure Vessel (PV) operating technician. 
The PV was purged with nitrogen (99.9%) during heat up prior to sealing the vessel before 
elevated temperatures were reached. The total pressure is a sum of the steam partial 
pressure achieved at the operating temperature and the nitrogen pressure supplied. The 
agitator speed was set at approximately 400 rpm. The temperature was automatically 
controlled at the desired setpoint. For atmospheric temperature tests, pressure was supplied 
from the nitrogen source to remove samples. At elevated temperatures the additional 
nitrogen pressure was supplied above the steam vapour pressure to approximately 5 bar. 
Prior to sampling, the sampling line was blown clean using nitrogen, which provided the 
required pressure for sampling as well. The sampling system and the injection system 
shared a small portion if the same line into the PV, consisting of the sampling dip pipe, the 
sampling valve and bend to the quick-coupling connection. It was thus imperative to take a 
flush sample to avoid or reduce contamination of the feed sample and first profile sample. 
The flush sample volume was measured and recorded. Afterwards, approximately 100 mL 
feed sample was taken and the volume recorded. The sample blow-back procedure was 
deemed to be sufficient for the subsequent profile samples. 
The injector bomb and flexible tubing was first purged of air before adding the reagents and 
sealing the system. At the desired operating temperature, reagents were injected using 
nitrogen of at least 2 bar greater than the PV operating pressure. The reagents were 
injected in spurts over a couple of seconds. In the case of injecting Rh3+ solution, the 50 mL 
of Rh solution was immediately chased by 100 - 150 mL of demin water. This wash water 
was carefully poured on top of the Rh solution in order to wash all the reagents off the walls. 
Samples were taken through an open, cooled sampling system into a measuring cylinder i.e. 
the elevated temperature samples were flashed off across the sampling valve. The volume 
of the slurry was recorded prior to immediate filtration on a 0.45 micron Millipore system. 













No more than 11 samples of approximately 100 mL were taken from the PV, thus the volume 
did not drop below 4 litres or 75% of the original volume. Reducing the agitation was 
considered as a measure to compensate for the increase in power input per unit volume due 
to the drop in operating level. However, the calculations showed that the agitation speed had 
to be reduced by 1 rpm per 100 mL sample and the agitation speed control was not sensitive 
enough to achieve this. In most cases, the speed reduced by more than 1 rpm and could not 
be increased as it was already operating at maximum power output. 
At the termination time, a large sample, usually around 900 mL, was taken from the PV prior 
to switching to cooling. This filtrate sample was filtered immediately and used for the solution 
sample for assay purposes. The system was rapidly cooled after taking this final sample to 
avoid additional precipitation during the PV cooling and dismantling time. This delay time 
was approximately 15-25 min for the elevated temperature tests, though it had no impact on 
the Rh solids, as the initial, representative filtration sample showed that Rh precipitation was 
already complete. In the atmospheric temperature tests, the delay before final filtration was 
significantly less. The mass balance data shows that additional precipitation was 
insignificant, as these reactions had already terminated. 
Ideally, the redox measurement would have been taken on the slurry prior to filtration, 
however, the instrument had a very slow response time and the delay would affect the kinetic 
results. This redox was thus measured on all the filtrate samples at the end of the test. 
When changing from one reaction path regime to another extra cleaning precautions were 
taken to remove all precipitate from the walls and internals of the PV. 
Deviations from these general procedures are highlighted in the specific procedures for the 
three reaction path tests described below. 
4.2.3 Ionic Rh precipitation procedure 
During co-precipitation, CuS forms Immediately, providing the catalyst for ionic Rh 
precipitation. Thus, in order to maintain comparable kinetic regime, the Rh ionic precipitation 
reaction was seeded with an inert metal sulfide to eliminate the induction period of primary 
Rh nucleation. 
In the feed preparation, 20 mg of PdS was added to the feed solution, which is 1.5% of the 
expected maximum Rh2S3• The seed was prepared in a 1 L glass beaker with magnetic 
stirring at stoichiometric palladium chloride and thiosulfate addition and 85-95 °C. Details of 
this test (#0-3) are attached in Appendix B.4log sheet. The Rh solution was added up front 
into the feed solution for test no. 1 - 4. The general procedures were then followed. 
Unfortunately, in the elevated temperature test (#4), 75% of the Rh in the feed precipitated 
during the long heating phase to reach 150°C, which probably precipitated through 
hydrolysis. The #4 test results were discarded and replaced with results from an adapted 
procedure to eliminate the precipitation (#4R). The PdS seed was not available for the 
repeat test. To eliminate this precipitation through hydrolysis, Rh solution was injected at 
150°C. The bomb was then flushed and prepared for the thiosulfate injection within a few 
minutes. The feed sample was then taken after an initial flush sample and only then was the 
thiosulfate injected. This procedure was followed in the co-precipitation precipitation at 150 













4.2.4 Substitution reaction procedure 
For the particular temperature, say 95°C, first, in part (a) of the test, the CuS was 
precipitated under the same conditions as co-precipitation test at 95°C, forming a precipitate 
with the same characteristics as the co-precipitation test, for example pore size and surface 
area. Sodium thiosulfate was injected at temperature to produce the same amount of CuS 
as the co-precipitation test. Profile samples could not be taken, as this would remove sulfide 
from the system. The final slurry was filtered and then washed with water acidified to a pH of 
2 to remove Cu2+, HS' and S2'. The wet solids were repulped in the acidified water, re-filtered 
and stored in this water before commencing part (b) of the test. 
For part (b) of the substitution reaction, the feedstock was made to desired concentrations 
and the test started as per the general procedure. Rh was not added to the feed solution to 
avoid the substitution reaction occurring during the heating phase. Base metal salts were not 
added to the solution so that the leaching of Cu2+ during cationic substitution reaction would 
be easier to detect. The feed sample was taken to obtain a background Cu2+ concentration. 
Unfortunately, this removed some of the sulfide in the form of CuS from the system and test 
co-precipitation tests (no. 9 - 12) were adjusted accordingly. The Rh3+ solution was injected 
at desired temperature at time zero, which was the start of the actual Rh precipitation profile. 
The first profile sample part (b) of the test was particularly vulnerable to Rh contamination. 
4.2.5 Rh co-precipitation with In situ CuS with sulfide addition procedure 
The general procedure was followed and at temperature, the required mass of dissolved 
sodium thiosulfate is injected to co-precipitate CuS and Rh2S3 directly. 
Unfortunately, taking a feed sample in 5b - 8b, some sulfide in the form of CuS was removed 
from the system and thus the thiosulfate addition to the co-precipitation test no. 9 - 12 was 
reduced accordingly. 
• 
4.3 Sample Preparation 
4.3.1 General filtration procedure 
The sample slurry volume was read off the measuring cylinder within an accuracy of 2 mL 
prior to filtration. Approximately 20% of the slurry was filtered and the filtrate was used to 
wet and wash the filter system and discarded. Filtration continued immediately afterwards. 
The filtrate sample was then taken from this solution and the solids were washed with demin 
water on the Millipore filtration system. Two Millipore systems were used to cope with the 
frequent sampling. 
The final bulk filtration was performed on the same dual Millipore system using the same 
procedure. A large 900 mL sample was taken from the PV prior to cooling at the terminal 
time for the filtrate sample. The remainder of the slurry was filtered once the PV was cool 
enough to disassemble. 
In test 5a - 8a it was imperative to remove unreacted sulfides, bisulfide and adsorbed H2S 
from the CuS and thus the solids were replupled in demin water with a pH of 2 for additional 
washing. It was unlikely that the amount was significant, because the large excess of Cu2+ 













4.3.2 Solids preparation 
Samples were generally air-dried overnight to reduce the possibility of oxidation and then 
placed in an oven controlled at temperature <55°C to drive off the final moisture, but 
ensuring that significant oxidation of the sulfide would not occur. In some cases the solids 
were placed directly into the oven. 
Filter paper and containers masses were pre-determined on a 3-point decimal scale. The 
dry solids and filter paper were weighed on the same scale and the dry masses were 
calculated by difference. In some cases the container masses were included as well. 
4.4 Experimental equipment 
4.4.1 Pressure vessel batch reactor 
The experimental equipment is presented in Figure 4.1. Pressure vessel equipment 
specifications are provided in the Table 4.2 below. 
T bl 2 P v IS '11 a e 4. . ressure esse ipecl cat ons . 
Type Parr series 4550, 7.5 L floor stand reactor 
Material of Construction Titanium grade 4 shell and sleeve, 
Ti grade 2 internal tubing (cooling coil, sample line, agitator shaft 
and blades), Flexible hosing lined with PFA 
Temperature Control Parr series 4842 temperature controller (external electric heating 
jacket and internal, submerged cooling coil). 
Two thermocouples inserted into Ti thermowell. 
Pressure Control Manual pressure control, Pressure gauge for indication. 
Maximum delivery pressure set at regulator, PV vented manually. 
Agitator 6-flat blade, double impeller, 85 mm diameter, 15 mm height, 130 
mm between impellers (centre to centre), and approximately 40 
mm off the bottom. Variable speed drive with magnetic coupling. 
Gas supply Connected to 99.9% nitrogen gas cylinder 
Injector bomb 200 mL volume reagent injection system using N2 pressure. 
Sampler 50 mL sample volume with concentric pipe heat exchanger with 
cooling water 
The sampler was positioned near the bottom of a well-agitated vessel; thus it is fair to 
assume that representative samples were taken. The sampler and the bomb were 
connected to the PV sampling line using easy, male-and-female connections for fast change-
over, thus the systems shared the same line, valve and submerged sample line. 
The bomb consists of 1 inch tubing with a volume of ± 200 mL connected to nitrogen 













Figure 4.': Preooure Ve .. el Syotem, o~owing temperature controller, magnetic drive 01 agitator, p'eoo"re 












4.4.2 Miscellaneous equipment 
Filtration equipment used for samples and bufk finaf slurry filtration was a Millipore liltratkm 
system using 0.45 ~m filter paper and Buchner flask ""; th vacuum achieved from a dedicated 
vacuum pump. 
The Eh meter used was a MelerlabT" PHM220 with a Pt electrode in 3 molar KGI referenced 
to Ag/AgGI. 
4.5 Specific Test Conditions 
4.5.1 Calculated feed conditions 
Make-up feed conditions are provided in Tat;,je 4.1 above The make-up concentrations 
differ from the initial concentration at time zero due to the removal of the initial feed sample 
and dilution through reagent injection. The actual feed concentrations calculated tor each 
specific test for the condition after reagent injection prior to reactions occurring are presented 
in Table 43 
Tbl 43 CI • , , a cu ate - --_.- died , concentrations er reagent injection prior to reaction 
Test Cc "' H,SO. :; -':~ "" Sojids • 1119" m,' " 111911 " , , 0 0 1 4.4 '''' "" " 0 , 0 0 14.4 '''' "" I " o , , 0 0 14.4 '''" ,0, " 0 , 0 0 14.4 "'" '" " 0 '" 0 0 14.4 "'" "" " 0 
" 13216 5118 1 3.4 "" 929 : 0 " 0 0 1 5. 1 0 ", " 4.67 " 13312 ,,'" 13.5 "" ," 0 0 '" 0 0 145 0 ,n " 4.57 " 13217 5119 13.4 2183 ," 0 0 " 0 0 14 0 0 '" 00 4.50 " 13216 5118 139 "" ~, 0 0 eo 0 0 14.4 0 "" ~ 4.62 , 13217 51 19 13.9 '"'' ," " 0 ,e 13726 5316 14.4 ,,'" 00, " 0 10 13223 5121 13.9 "00 ," " 0 " 13217 511 9 13.9 '"'' ~, " 0 ,,, 13217 511 9 m '"''' ," " 0 " 13217 511 9 I 13.9 2099 I ," " 0 
The reason for the slight variations in the calculated values are we to varying volumes of 
flush and feed samples prior to reagent addition. In the case of acid concentration some 
variation was caused by small errors in make·up concentrations. 
4.5.2 Specific test conditions 
Specific test details, like masses of reagents added, sampe volumes. measured SOlids 













tables in Appendix B.4. The specific test conditions, namely, the operating temperature, form 
of CuS, design and actual calculated Rh concentration after injection and sampling times of 
the profile, are summarised in Table 4.4. 
Sulfide addition ratio to initial Rh concentration in the ionic reactions was 4.5% higher than 
the ratio of the substitution and co-precipitation reactions due to an experimental design 
oversight caused by the feed samples of 5b - ab. The ionic tests #1-3 had already been 
completed before the problem was realised. 
In all cases, the sulfide excess was very high and it is unlikely that this slight increase would 
have an effect on the overall Rh precipitation kinetics. 
Table 4.4: S·f" dltl ~i IC test con ons 
Temper- Rh Rh 
Test Description ature CuS cone cone Time Profile 
II rC] Form [mgll] [mgll] [min] 
Design Calc'd at 
calc'd injection 
Miscellaneous: 
0-1 Scouting test: co-precipitation 150 ppt in situ 50 51 None 
Rh2S3 seed production 0,1,2,5,10,30,60, 
0-2 stoichiometric sulfide addition 150 NoCuS 192 189 120,180,240,245 
1000 
0-3 Produce PdS 85-95 NoCuS 1000 mg/l Pd None 
Kinetic tests: 
Ionic Rh precipitation 0,1,2,6,12,30,60, 
1 (PdS seed) 50 NoCuS 96 93 120,180,240,300 
Ionic Rh precipitation 0,1,2,5,10,30,60, 
2 (PdS seed) 80 NoCuS 96 93 120,180,240 
Ionic Rh precipitation 0,1,2,5,10,30,60, 
3 (PdS seed) 95 NoCuS 96 93 120,180,240 
Ionic Rh precipitation 0,1,2,4,7,10,20,30, 
4 (PdS seed) 150 NoCuS 96 93 60 
Ionic Rh precipitation (Not 0,1,2,4,6,8,11,15, 
4R seeded) 150 NoCuS 96 93 27 
5a CuS precipitation 50 ppt in situ 
0,1,2,5,10,30,60, 
5b Substitution reaction 50 Add 5appt 96 93 90,120,180,240,290 
Sa CuS precipitation 80 ppt In situ 
0,1,2,5,10,30,60, 
6b Substitution reaction 80 Add Sappt 96 93 90,120,180,240 
7a CuS precipitation 95 ppt in situ 
0,1,2,5,10,30,60, 
7b Substitution reaction 95 Add 7appt 96 90 90,120,180,225 
8a CuS precipitation 150 ppt in situ 
0,1,2,4,7,13,20,30, 
8b Substitution reaction 150 Add 8appt 96 92 60 
Cu and Rh co-precipitation in ppt in situ 0,1,2,5,10,30,60, 
9 situ 50 96 89 90,120,180,240,300 
Cu and Rh co-precipitation in 0,1,2,5,10,30,60, 
9R situ 50 ppt in situ 100 93 90,120,180,240 
Cu and Rh co-precipitation in ppt in situ 0,1,2,5,10,30,60, 
10 situ 80 96 89 90,120,180,240 
Cu and Rh co-precipitation in ppt in situ 0,1,2,5,10,30,60, 
11 situ 95 96 89 90,120,180,240 
Cu and Rh co-precipitation in ppt in situ 0,1,2,5,10,20,30, 
11R situ 95 96 89 60, 120 
Cu and Rh co-precipitation in ppt in situ 0,1,2,3, 4,6,7,10, 
12 situ 150 96 89 20,30,60 
.. 













4.5.3 Analytical techniques and approach 
Analytical techniques used for the Rh, Cu, S, K, Na and sulfuric acid are provided in Table 
4.5. Anglo Research Laboratory performed the analysis according to accredited laboratory 
standards. The Analytical Department measured various elements randomly in duplicate. 
Table 4.5: Analytical method used for various elements 
Method for element Element 
ICP-MS (solutionl Rh,K 
ICP-MS (solid) Rh, K 
ICP-OES (solutlonl CU,Ni 
ICP-OES (solid) CU,Ni 
Leco (solids) S 
Free Acid Titration 
Atomic Adsorption (solution) Na 
Generally, the feed and final solutions and final solids were analysed in duplicate. In some 
cases, the solutions visually showed post-precipitation after filtration and it was requested 
that these samples be treated through digestion procedure to perform a total stream 
analysis. Precipitation profile results in Chapter 6 show that the total stream analysis was 
not performed by the laboratory. 
The accuracy and precision of the analytical techniques were measured towards the end of 
the test program by re-submitting two solutions for 5 additional analyses to determine the 
standard deviation and relative error associated with the analysis. 
Insufficient solids were produced in the profile samples for analytical analysis. Generally, 
only the final solids were analysed, thus a mass balance and metal accounting could only be 
calculated on the final samples. 
4.5.4 Mineralogical techniques 
Precipitated compound form and distribution was measured using Scanning Electron 
Microscope (SEM) using Energy Dispersive X-ray (EDX) spectroscopy and Mineral 
Liberation Analyser (MLA) on preliminary material produced at 150°C. 
The electron microprobe technique with its higher resolution was the preferred mineralogical 
technique for characterisation of the trace concentrations, providing quantitative 
measurement of Rh distribution in the CuS cross-section. However, the instrument was not 
available at the time of the study. 
X-ray Photon Spectroscopy (XPS) would have analysed the first few molecular layers of 
surface of the particle, providing specific compound formation and surface phenomena, but 
this was not performed due to budget and time constraints. 
Unfortunately, only preliminary mineralogy was performed in this study using SEM-EDX due 
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Chapter Five 
5 CHEMISTRY AND THERMODYNAMIC MODELLING 
5.1 Chemical reactions 
Proposed chemistry for the various reaction paths is provided below. Thermodynamic values 
are calculated for !:lH, !:lS, !:lG, K and 10gK over 0 - 200°C for the reactions using HSC 
Chemistry®. The tabulated data is attached in Appendix A.1, while the chemical reactions 
and their respective !:lGs are summarised in Table 5.1. The!:lG of the main reactions as a 
function of temperature is illustrated in Figure 5.1. !:lG is calculated through 





is the change in Gibbs free energy 
universal gas constant 
temperature 
equilibrium constant of the reaction 
The aquo, sulfato or aquo-hydroxo solution speciation or complexes are not in the HSC 
Chemistry® database; thus the pure Rh3+ ion form has been used. Complexing would 
increase the stability of the ion and reduce the Gibbs free energy for the reactions by 
affecting the equilibrium constants. However, for the same Rh3+ complex speciation, the 
difference in the !:lG of various reaction comparisons would probably remain the same as the 
differences presented in Table 5.1. 
The chemistry is discussed under the following sections: 
1. Reducing the solution mixed potential, 
2. Ionic precipitation using thiosulfate addition (without redox reactions), 
3. Ionic precipitation using thiosulfate addition (with redox reactions), 
4. Cationic substitution (without redox reactions), 
5. Cationic substitution (with redox reactions), 
6. Rh hydrolysis, 
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Table 5.1: Gibbs free energl of the various chemical reactions 
No. Reactlona (using HSC database) Delta G 
{kJlmol MeX+) @ 
50 i5C 100 dC 150 i5C 
Reducing the solutions mixed r;2otential 
5.1 4 Fe2(S04)a +Na2~03 + 5H20 7 Na2S04 + 8 FeS04 + 5 H2SO4 -50 -56 -62 
5.2 4 Fe2(S04)a + CuS + 4H20 7 8 FeS04+ CUS04 + 4 H2SO4 -36 -42 -48 
5.3 12 Fe2(S04)a + Rh2S3 + 12H2D72RhS04 +24 FeS04 + -23 -28 -34 
12H~SO~ 
Ionic r;2recir;2itation using sodium thiosulfate addition 
5.4 Rh2(S04)a aq + 3 N~S203 aq + 3 H20 7 Rh2S3 s + 3 N~S04 aq + -333 -338 -341 
3 H2S04aq 
5.5 CuSO~1!I + Na2S2D~1!I + H20 7 CuS!! + Na2S041!1+ H2SO4 -112 -114 -116 
lonic:2recir;2itation with redox reactions 
5.6a 3 Rh + 4.125 S20t + 4.625 H20 7 Rh3S4 + 9.25 W + 4.25 -315 -320 -323 
sol-
5.6b 4 Rh3+ + 3 S20t + 7 H20 7 4 Rh + 2S + 14 W + 4 sot -164 -170 -171 
5.6c 2.667 Rh3+ + S20t + 5 H20 7 2.667 Rh + 10 W + 2 sot -143 -148 -149 
5.6d 9 Rh3+ + 9.378 S20t + 14.877 H20 7 Rh9Sa + 29.754 W + -263 -268 -270 
10.755 sol-
5.6e 8 CUS04aq + 5 S20t + 9 H20 7 4 CU2Ss + 18 W + 6 sol- -77 -79 -81 
5.6f 2 Rh3+ + 4 S + 4 H20 7 Rh2S~ + 8W + sol- -247 -251 -249 
Cationic substitution {without redox reactions} 
5.7a Rh2(S04)a aq + 3CuS s 7 Rh2S3 s + 3CUS04 aq -167 -168 -167 
5.7b Rh2(S04)aaq + 3NiS s 7 Rh2S3 s + 3NiS04aq -288 -299 -287 
5.7c 2 Rh3+ + 3 CU2S 7 2 Rh2S~ + 6 Cu+ -74 -87 -97 
Cationic substitution {with redox reactions} 
5.8a 24 Rh3+ + 33 CuS + 4 H20 7 8 Rh3S4 + 33 Cu
2+ + 8W + sol- -161 -164 -167 
5.8b 6.547 Rh3+ + 6.82 CuS + 4H20 7 6.547Rh9Sa + 6.82Cu2+ + 8H+ -146 -150 -149 
+ sol-
5.8c 2 Rh3+ + 3 CuS 7 2 Rh + 3 S + 3 Cu2+ -39 -43 -44 
5.9 
Rh ~drolysis 
2Rh - + 3 H20 7 Rh20 a + 6H+ -16 -34 -46 
Thiosulfate degradation 
5.10 S20t + H20 7 H2S(g) + sot -24 -28 -32 
5.11 3 S20t + H2S04 7 4 S + H20 + 3 sot (acid consumption) -74 -72 -71 
5.12 2Rh3+ + 3 S20t 7 Rh2S~ + 3 SOa{g} -94 -116 -138 
Cationic substitution with oxides and hydroxides 
5.13a Fe(OH)a + 2 Rh3+ 7 Rh2D3 + Fe3+ + 3W -16 -20 -22 
5.13b Fe203 + 2 Rh3+ 7 Rh20 3 + 2Fe3+ -5 -3 +2 
5.13c 1.5 Cu(OH)2 + 2Rh3+ 7 Rh20 3 + 1.5Cu
2+ + 3W -45 -53 -58 
5.13d 3 CuO + 2Rh3+ 7 Rh20 a + 3Cu
2+ -71 -75 -76 
5.14 2Rh3+ + 4S + 4H20 = Rh2S3 + 8W + sot -247 -251 -249 
5.1.1 Reducing the solution potential 
The solution mixed potential must first be reduced into the stable region of the desired metal 
sulfide for precipitation to occur, otherwise the oxidising species, normally ferric or oxygen, 
would re-oxidise these metal sulfides back into solution. In plant solutions, sufficient sodium 
thiosulfate must be added to reduce all the ferric to ferrous. l1G increases in the negative 
direction with increasing temperature, thus the reactions would be more favourable at higher 
temperatures and probably faster from a thermodynamic perspective. As expected, reducing 
ferric with CuS has a larger negative l1G, as it is more soluble and would leach first. 
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Figure 5.1: Gibbs free energy for main Rh and Cu precipitation reactions over 0 - 200°C 
5.1.2 Ionic precipitation using sodium thiosulfate addition 
The driving force for the reactions is nearly independent of temperature, thus from a 
thermodynamic perspective, temperature has an insignificant effect on the reaction. Rh and 
S formation is the least favourable precipitate compared to Rh sulfides. From a 
thermodynamic perspective, the most favourable precipitate is Rh2S3, followed by Rh3S4 and 
RhgSs (RhSo.ssg). 
5.1.3 Rh precipitation through the substitution reaction 
Indirect Rh precipitation through cation exchange or substitution reaction is evaluated for 
reactions with and without redox reactions. The large, negative ~G shows that the reactions 
are irreversible. The driving force for the reactions is nearly independent of temperature, 
thus from a thermodynamic perspective, temperature would have an insignificant effect on 
the reaction. As expected, the ~G of Rh substitution on NiS is significantly greater than that 
of CuS substitution, because of a larger solubility product difference with Rh sulfide. Similar 
to ionic precipitation, Rh and S formation is the least favourable precipitate compared to Rh 
sulfides, followed by RhgSs and then Rh3S4• The most favourable reaction is the formation of 
Rh2S3• Also, the ~G of Rh ionic precipitation in Figure 1 is significantly larger than that of the 
substitution reaction. 
5.1.4 In situ Rh co-precipitation with CuS using thiosulfate addition 
Ionic precipitation of Cu and Rh couid possibly occur as a mixed sulfide compound. 
Thermodynamic data was not available for this variable, as mixed sulfide and thermodynamic 
calculations have not been performed. Ionic Rh and Cu precipitation in co-precipitation 
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The aG of Rh ionic precipitation is significantly larger than the substitution reactions (Fig. 
5.1). Thus from a thermodynamic perspective, Rh precipitation in the Rh and Cu co-
precipitation system would favour the ionic precipitation path over the substitution reaction 
path. 
5.1.5 Rh precipitation through hydrolysis 
aG of reaction becomes negative above -18°C; thus the Rh hydrolysis would be possible 
from a thermodynamic perspective. The relatively small value implies that the reaction 
probably would not occur as fast as the sulfide system. The significance of the hydrolysis 
reaction would be measured by the amount of oxygen detected in the residue, ensuring that 
no surface oxidation occurs. 
5.1.6 Thiosulfate degradation 
The ionic precipitation results demonstrate that a large amount of acid is consumed during 
the ionic precipitation tests with. the precipitate being high in sulfur. This leads to 
investigating a number of probable reactions that would consume the thiosulfate sulfide, 
consume acid, and generate hydrogen sulfide and S02/ S03 gases detected in the air during 
the kinetic tests. 
Thiosulfate hydrolysis can produce H2S gas (5.10), while acid can break down thiosulfate 
and precipitate elemental sulphur (5.11). Also, the ionic precipitation of Cu2+ and Rh3+ 
generates acid with thiosulfate precipitation, possibly forming an intermediate S03 product 
(5.12), which in turn reacts with water to form H2S04• Thus, aqueous sulfide precipitation 
potential could be lost to sulphur precipitation and gas loss to the vapour space, and 
eventually to the atmosphere during venting. Thiosulfate decomposition does not occur in 
the CuS precipitation and co-precipitation tests at the same extent, as the bulk of the 
thiosulfate is consumed immediately during Cu2+ precipitation. 
5.1.7 Alternative Rh precipitation through substitution with hydroxides and 
oxides 
Analogous to Rh precipitation with sulfides in the substitution reaction, Rh could precipitate 
onto base metal hydroxides and oxides formed at higher pHs. aG of reaction calculations 
produce negative values, excluding Fe203 reaction, which would only occur at a temperature 
less than 125 DC. The chemical driving force for these reactions is an order of magnitude 
less than the sulfide substitution reactions, thus the reaction would not occur as fast as the 
sulfide system. Free acid would also dissolve the oxide precipitates and thus sufficiently high 
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5.2 Eh-pH diagrams of S-Cu-Rh-H20 system 
Pourbaix diagrams and equilibrium composition diagrams have been generated for the S-Cu-
Rh-H20 systems using HSC Chemistry® to study the effect of temperature and 
concentrations on the system. The diagrams have been generated at Cu and S of 0.3 
molality (mol/kg water) and Rh of 0.001 mollkg. This is approximately 20 gil Cu, 100 mgll Rh 
and 10 gil S. The purpose of presenting the diagrams is to illustrate the: 
1. Eh and pH conditions of formation for the Rh and Cu sulfide compounds and types of 
compounds, 
2. Effect of temperature on the system, 
3. Effect of molality or ion activity on the system. 
The exercise is first performed by selecting all species in the HSC program, which creates 
unrealistic diagrams not experienced in practice (Section 5.2.1). Selecting the sulfate 
species causes an anomaly in the diagrams due to the stability of the sulfate ion (Section 
5.2.2). This anomaly of metal alloy precipitation occurring before metal sulfide precipitation 
is eliminated by not selecting any sulfur-containing species with a positive oxidation state and 
limiting the Rh sulfide species to Rh2S3• The aquo or sulfato or chloro or aquo-hydroxo 
complexes are not in the HSC Chemistry® database; thus the pure ion form has been used. 
Rh complexing would increase the stability region of the ion and reduce the driving force for 
the reaction. 
5.2.1 General Eh-pH diagram using all species In HSC Chemistry ® 
The general Eh-pH diagram for all species at 95°C is illustrated in Figure 5.2. To improve 
readability, this diagram has been deconstructed into Eh-pH diagram of Rh-dominant species 
in Figure 5.3. This provides a simplified illustration of the anomaly of Rh3+ first being reduced 
to elemental Rh before being oxidised back to Rh2S3• Additional reduction converts it back to 
Rh metal. Rh3+ is hydrolysed at a pH of 1 to precipitate Rh20 3• This occurs at a higher pH in 
practice, probably due to Rh complexing in solution increasing the stability region of the Rh3+ 
ion. 
This is an anomaly caused by the stability of the sulfate ion affecting the calculation of the 
HSC Chemistry® program and is eliminated in the metastable Eh-pH diagrams in the Section 
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Cu 3.000E-Gl 1.000E+OO 
Rh 1.000E-Q3 1.000E+OO 
Figure 5.2: Eh-pH diagram of S-Cu-Rh-H20 base case system for all speciation at 95°C; upon reducing the 
potential with sulfide-containing reducing agent, Rh3+ first forms elemental Rh before converting to RhSo.889 , then 
Rh3S4 and Rh2S3; additional reduction will convert it back to Rh metal in the reverse sequence; at high oxidation 
potential, pH adjustment approaching 2 will convert Rh3+ to Rh203. Metal reduction is not noticed In practice and 
is an anomaly in the HSC calculation caused by the stability of the sulfate ion. 
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Figure 5.3: Eh-pH diagram of S-Cu-Rh-H20 base case system for all speciation at 95°C, only showing Rh2S3 
dominant Rh speciation; upon reducing the potential with sulfide-containing reducing agent, Rh3+ first forms 
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approaching 0.2 will convert Rh3+ to Rh203, though in real systems Rh3+ is stable to pH < 3, probably due to 
complexation. Rh reduction to metal prior to forming a Rh sulfide is caused by an anomaly in HSC program due 
to the stability of the sulfate ion, which is not seen in practice. 
5.2.2 Metastable Eh-pH diagrams excluding sulfate ions 
Some of the Eh-pH diagrams are repeated for systems with selected species and particularly 
omitting sulfate ions containing S with a positive oxidation state. The species selected are: 
Cu, CuO, CU20, CU(OH)2, CuS, CU2S, Rh, RhO, Rh20, Rh20 3, Rh2S3, S, Cu
2+, Cu+, cuOl, 
CuOH+, Cu(OH)a-, Cu(OH)l-, CU20H3+, CU2(OH)l+' CU3(OH)l+' Cu(OH)O-, HCU02-, HS-, 
Rh3+, S2-, s2ol-
The diagrams demonstrate that Rh and Cu ions precipitate as metal sulfide upon sulfide 
addition, and only with further reduction does it get reduced to a metal. The sulfide ion 
activity is affected by the pH. Temperature and molality effects are presented and 
discussed. Additional metastable diagrams are provided in Appendix A.2. 
Figure 5.4 is de-constructed into various main elements for readability in Figure 5.5 and 5.6. 
The main sulphur speciation is presented in Appendix A.2. 
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Figure 5.4: Eh-pH diagram of S-Cu-Rh-H20 metastable base case at 95°C, particular1y omitting species with 
sulfur of positive oxidation state and only including Rh2S3. Dashed lines indicate region of dominant ions in 
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Figure 5.5: EH-pH diagram of S-Cu-Rh-H20 metastable system at 95 DC showing dominant Cu speciation, 
particularly omitting species with sulfur of positive oxidation state and only including Rh2S3. Cu reduction from ion 
to metal no longer occurs. 
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Figure 5.6: Eh-pH diagram of S-Cu-Rh-H20 metastable system at 95 DC showing dominant Rh speciation, 
particularly omitting species with sulfur of positive oxidation state and only including Rh2S3. Rh reduction from ion 
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1. Temperature 
The effect of temperature on the S-Cu-Rh-H20 system for the metastable case is provided in 
Figure 5.7. 
Higher temperature shifts the metal sulfide stability region down and left at high pH and shifts 
the stability region up at low pH. The increase in temperature increases the Rh3+ stability 
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Figure 5.7: Eh-pH diagram of S-Cu-Rh-H20 metastable system, particularly omitting species with sulfur of 
positive oxidation state, combined for 25 and 150 DC, showing effect of temperature on Rh speciation. 
Rh ion stability increases in the pH direction with increasing temperature. Rh ion stability 
decreases with increasing temperature on the electropotential axis, implying that PGMs 
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2. Molality 
At 95 °C, the effect of varying Rh molality on Eh-pH diagram only showing dominant Rh 
species is demonstrated in Figure 5.8 diagram. Molality is varied over the following ranges: 
1. S: 0.001, 0.01 and 1 mollkg 
2. Cu: 0.001, 0.01 and 1 mollkg 
3. Rh: 0.0001, 0.001 and 0.1 mollkg 
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Figure 5.8: Eh-pH diagram of S-Cu-Rh-H20 system for metastable system at 95°C with selected speciation, 
particularly omitting species with sulfur of positive oxidation state, at 95°C, showing effect of Rh activity on Rh 
species distribution at molality of 1 x1 0-4, 1 x1 0-3 and 1 x1 0-1 mol/kg; Rh3+ stability increases with decreasing 
molality. 
Rh3+ ion stability increases with decreasing Rh ion molality (or activity) in the pH direction 
and increases very slightly in the Eh direction. This implies that Rh3+ ion is hydrolysed or 
preCipitated with hydroxide with more difficulty at lower concentrations. At lower Rh 
concentrations, additional reducing reagent is required to reduce the solution potential to 
precipitate Rh2S3• This implies that it becomes more difficult from a thermodynamic 
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5.3 Equilibrium solution chemistry modelling 
HSC Chemistry® is used to calculate the equilibrium amount of the various ions and 
compounds upon thiosulfate addition to the feed solution, studying the following: 
1. Temperature of 95°C and 150°C, 
2. Rh concentration 100 mg/l and 10 g/l, 
3. Select all solid species compared to meta-stable species, 
4. Effect of acid concentration. 
It is important to note that solution speciation does not include solution complexation effects. 
5.3.1 Meta-stable system 
Equilibrium composition diagrams for metastable sulfides at 100 mgll and 10 gil Rh at 95 and 
150°C are provided in Figure 5.9 - 5.11. The diagrams are reproduced without any species 
containing sulfur with oxidation state above zero, and limiting the Rh sulfide species to Rh2S3 
in Section 5.3.2. This eliminates the anomaly of Rh and Cu being reduced by the sulfide 
directly to metal. The effect of Rh concentration, temperature and initial acid concentration is 
studied. The base case including all speciation is provided in Appendix A.3. 
1. Concentration Effect 
Figures 5.9 and 5.10 show that Rh sulfide precipitation with thiosulfate addition is completely 
selective over CuS precipitation over 0.1 -10 gil Rh. 
2. Temperature Effect 
Figure 5.10 and 5.11 comparison shows that Rh sulfide precipitation with thiosulfate addition 
is completely selective over CuS precipitation at 95 and 150°C. 
The equilibrium compositions are not significantly affected by temperature. This can be 
explained by the fact that the reaction equilibriums are nearly independent of temperature 
(see ~G calculations in Section 5.1). Thus, the equilibrium lines would shift on the Eh-pH 
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Figure 5.9: Equilibrium composition with thiosulfate addition to 100 mgll Rh containing 20 gil Cu and 15 gil 
sulfuric acid at 95°C, showing eqUilibrium composition for meta-stable species; Rh precipitation with sulfide is 
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Figure 5.10: Equilibrium composition with thiosulfate addition to 10 gil Rh containing 20 gil Cu and 15 gil sulfuric 
acid at 95°C, showing eqUilibrium composition for meta-stable species; Rh precipitation with sulfide is completely 











Chemistry and thennodynamic modelling 
0.10 
s:l'f2~ ;'~ NilEtiO "'",,- / -, 
'-.... 
~ Vr c·t~) 
// 
"-.., ',L ..... , --"-'-" -, 
/ / ~-"-... ~'.''''-- CIS .' ............ / 
// / -~ 
....... , V' 1"'-.. ""--, 
Rl{-taa) // /:::>< ~ _. 
~------;< / L.-----....... F12S3 









am am O.tO O.tS C.3J 0.25 OlD 035 
Figure 5.11: Equilibrium composition with thiosulfate addition to 10 gil Rh containing 20 gil Cu and 15 gil sulfuric 
acid at 150°C, showing eqUilibrium composition for meta-stable species; Rh precipitation with sulfide is 
completely selective over Cu precipitation. 
3. Initial acid effect 
The base case is repeated for a system with 0.001 mollkg acid. The same compositions and 
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Figure 5.12: Equilibrium composition with thiosulfate addition to base case with 100 mgll Rh containing 20 gil Cu 
and 0.1 gil sulfuric acid at 95°C, showing eqUilibrium composition for meta-stable species; Rh precipitation with 
sulfide is completely selective over Cu precipitation, irrespective of initial acid concentration; Rh precipitation is 
shifted right while acid concentration increases, thus acid plays a role in the Rh precipitation. 
As expected, initial acid has insignificant effect on Rh precipitation selectivity for this perfect 
system, which is already completely selective. However, HSC Chemistry cannot calculate 
any equilibrium pOints at zero initial acid. A delay in Rh precipitation also occurs, thus acid 
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5.4 Discussion of chemistry and thermodynamic modelling 
The ~G of reactions prove that the reactions are thermodynamically possible for the three 
systems and possible alternative chemistries. The metastable Eh-pH diagrams show various 
Rh sulfide compounds, though the most stable compound is Rh2S3, which forms through 
ionic precipitation or cationic substitution. Other reactions involving electrochemical 
reactions are possible, but less favourable due to smaller ~G of reactions. 
The sulfate ion (or all species with a positive S oxidation state) have to be excluded from the 
Eh-pH modelling to avoid the anomaly caused by the HSC Chemist~ program, where it 
erroneously predicts that the thiosulfate or sulfide ion would reduce Rh3+ directly to metal 
before precipitating as a sulfide. This anomaly is caused by the stability of the sulfate ion in 
the HSC Chemistr}P program (Nicol, 2006). 
Increasing the temperature increases the stability region of the Rh3+ ion in the pH direction 
but reduces the Rh3+ stability region in the Eh direction. Thus, upon the addition of the 
thiosulfate reducing agent, Rh3+ starts precipitating as a sulfide at a higher Eh i.e. elevated 
temperature favours Rh precipitation. 
Equilibrium composition calculations show that Rh3+ precipitation is completely selective over 
Cu2+ precipitation upon thiosulfate addition for low and high Rh concentrations, though in 
practice this selectivity could be forfeited by bulk concentrati n effects on precipitation 
kinetics. Temperature has insignificant effect on the equilibrium, while a minimum amount of 
acid is required for the reaction to occur, indicating that acid could be involved in the 
mechanism. 
Rh3+ ion stability increases with decreasing Rh ion molality in higher pH direction and 
increases very slightly in the Eh direction. Rh requires additional thiosulfate to reduce the Eh 
for Rh2S3 precipitation. This implies that it would become more difficult from a 
thermodynamic perspective to completely precipitate the Rh. 
5.5 Proposed mechanIsm 
The chemistry suggests the following simplified reaction mechanism for Rh co-precipitation 
with CuS: 
Cu2+ + s20l- + H20 ~ CuS + H2S04 
2Rh3+ + 3 s20l- + 3 H20 ~ Rh2S3 s + 3 H2S04 





Cu2+ and Rh3+ compete for the available aqueous sulfide available in the thiosulfate via 
reactions (1) and (2). Once the CuS has precipitated, Rh3+ continues to precipitate onto the 
CuS via the cationic substitution reaction (3), which competes against Rh ionic precipitation 
(2). 
For ionic Rh precipitation in the absence of Cu2+, thiosulphate degrades with acid, 
precipitating sulfur, upon which Rh3+ continues to precipitate: 
H2S04 + s20l- ~ 4 S + H20 + 3 sol-
2 Rh3+ + 4 S +4 H20 ~ Rh2S3 + + 8H+ + sol-
(4) 
(5) 
In this system, Rh3+ ionic precipitation competes with acid in the thiosulfate degradation via 
reactions (2) and (4). The precipitated S continues to precipitate the Rh3+ onto the surface, 
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Chapter Six 
6 KINETIC STUDY OF INDIVIDUAL SYSTEMS 
Solids assays and solution assays are presented in Appendix B.3.1 and in Appendix B.3.2, 
respectively. This includes Cu, Ni, K, Na, H2S04 and Rh concentrations, replicates and 
repeat analyses, as well as finalised average concentrations utilised in the subsequent 
comparative study and kinetic modelling. Statistical analysis on assays is attached in 
Appendix B.3.3. The individual test results are summarised in the log sheets in Appendix 
B.4, which include actual test details and observations, finalised average concentrations 
used in data analysis, mass balance calculations, metal accountabilities and stoichiometric 
ratio calculations. The precipitation profiles are illustrated in Appendix B.5. Details of the 
kinetic modelling of the various systems are presented in Appendix B.6. Summary of 
detailed results are provided in various sections below, covering accuracy of measurements 
and results of the individual systems. 
6.1 Accuracy of measurement 
6.1.1 Solution analysis relative error 
The accuracy of the solution analysis was measured by evaluating the random duplicate 
analyses generated in the laboratory procedure and specific multiple repeat analyses on two 
filtrate solutions. These analyses are presented in Appendix B.3.2, where descriptive 
statistics has been performed to calculate the relative errors. The results are summarised in 
Table 6.1 and 6.2. 
A high Rh concentration filtrate solution (Rh-9R-240) and low concentration filtrate solution 
(Rh-3-240) were re-analysed on a later day for five additional repeats for Rh, Cu, Ni and 
acid. The results in the Table 6.1 show that the Rh concentration assay alone has a large 
relative error, even though it is determined using the very accurate Inductive Coupled 
Plasma - Mass Spectroscopy (ICP-MS) technique. 
Table 6.1: tan a eVlatlon on so ut on assays S d rdd .. I I f or s x repeat analyses 
Average Std deviation Relative error 
Element (mg/l) (mg/l) (Std dev. / Avg) % 
Rh-Iow 25 1.2 5.0 
Rh- high 93 2.3 3.3 
Cu 11247 231 2.0 
NI 6447 350 5.4 
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Table 6.2 shows that the average random duplicate assays for Rh, Cu, Ni, Na, and acid 
provide similar relative errors as Table 6.1. 
Ta bl e6.2: d I i f Average stan ard dev at on on concentrations rom d I" upllcate analyses 
Relative error 
Element Concentration Average Std deviation (Std dev. I Avg) 
range (mgll) Count (mgll) (mgtl) % 
Rh-Iow 0-1 4 0.5 0.04 8.0 
Rh - high 10-100 53 65 2.7 4.2 
Cu-Low 30-120 5 77 0.6 0.7 
Cu-High 8000-15000 10 11808 142 1.2 
Na -2000 4 2042 6 1.7 
K -1000 14 1158 8 0.3 
Acid 10 - 20 gil 25 17 gil 0.3 gil 0.2 
This large error on Rh analysis causes a significant amount of noise in the precipitation 
profiles. Rh and Cu post-precipitation in the filtrate samples are shown to be a concern over 
the initial ionic and co-precipitation systems and over the whole profile at low temperatures, 
which is addressed in detail in Section 6.1.3. The above repeat analyses show that this post 
precipitation phenomenon does not occur on the final profile solutions, supported by 
reasonable final metal accountabilities presented in Section 6.1.5. 
In future work, the reason for this high relative error must be determined and resolved prior to 
commencement of the kinetic study. If the error persists, then additional sample analysis 
replicates, as well as duplicate test runs, would be required to improve the accuracy and 
significance of the overall results. 
Rigorous comparative statistics have to be applied to the profiles to ensure that the 
differences in the results are actually significant, which is covered in Chapter 7. 
6.1.2 Solids analysis relative error 
Solid assay random duplicates are presented in Appendix 8.3.1 with the average standard 
deviation and relative error summarised in Table 6.3. 
T bl 63 A d rd d I ti I"d t tl a e . verage stan a eva on on so I s concen ra ons . . 
Relative error 
(Std dev.1 
Count Average Std dev. Avg) % 
Cu 5 56 1.5 3.4 
S 6 40 1.0 3.3 
Rh 11 1.5 0.2 12 
The relative error of 12% on Rh in the CuS is very high. The source of this error needs to be 
identified before commencing future work, though Section 6.1.1 indicates that the error could 
possibly occur in the final ICP measurement. Even though the overall solids analysis has a 
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temperature and relative kinetics within the various precipitation systems are still maintained. 
This is probably because final solids are analysed in duplicate to quadruplicate. 
6.1.3 Post precipitation of Rh and Cu in solutions 
Post precipitation of metal with unreacted aqueous sulfide in the sample filtrates has been 
noticed in ionic and co-precipitation systems, but onlv at atmospheric temperatures over the 
period of low precipitation extents. This is caused by higher amounts of unreacted aqueous 
sulfide being present in the filtrates due to lower aqueous sulfide consumption over this 
period. This causes the overestimation of metal precipitation extent and under-accounting of 
metal in the precipitate over the initial period of ionic and co-precipitation at atmospheric 
temperatures. 
An attempt to stop post precipitation by oxidising the sulfide ion has been unsuccessful. 
Adding hydrogen peroxide only partially oxidises the unreacted aqueous sulfide, causing the 
precipitation of elemental sulfur. This is an inadequate method, as PGMs can precipitate 
onto elemental sulfur (Chapter 5) (8arkan and Greiver, 1977a). The laboratory was 
instructed to perform a total sample analysis by re-dissolving post-precipitated material. 
Precipitation profiles show that the analvtical laboratory did not perform this total stream 
analysis adequately, as post precipitation phenomena were measured in the precipitation 
profiles. 
This post precipitation in the filtrates does not affect the solids analysis, as the samples are 
filtered immediately. Thus, the Rh and Cu solution concentrations are re-calculated by 
subtracting the estimated amount of metal measured in the precipitate from the initial feed. 
The calculation assumes that metal content in the final solid sample is constant over the 
whole profile, which is a fair assumption for the ionic and co-preCipitation systems. 
Insufficient mass has been collected for individual solid profile analyses. The procedure 
provides more realistic Rh precipitation profiles for ionic and co-precipitation systems at 50 
°C and Cu solution profiles over the initial period at all temperatures. The final solids are 
analysed in duplicate to quadruplicate to achieve accurate solids analyses. This is reflected 
in the mass balance and metal accounting presented in Section 6.5.1. 
Comparative kinetics at elevated temperatures (#4, #8b and #12) are performed on the same 
solution basis, because of excessive solid mass loss caused by precipitation onto the PV 
internals (#4b). This is not a problem, as the solutions samples do not show any post 
precipitation due to the high precipitation extents. As expected, the substitution system (#5b 
- 8b) does not show post preCipitation, as there is no aqueous sulfide in the filtrates. In any 
case, insufficient sample mass over the substitution reaction profiles prohibits the prediction 
of Rh concentrations and the solution concentrations are used. The remaining profiles (#1-
#3 and #9-#11) are recalculated from the solids basis to maintain the same basis within each 
profile, as well as maintaining the same basis for comparison between systems at any 
particular temperature. 
The measured and predicted final solution assays are compared in Table 85.5 and 85.6 in 
Appendix 85. The calculated concentrations shift by similar amounts at atmospheric 
temperatures, thus the relative kinetics between the various temperatures for each reaction 
system or the relative kinetics of the individual systems at a particular system do not change. 
To confirm the relative kinetic findings, the comparative kinetic exercise is repeated at 
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6.1.4 Feed concentrations 
Ideally, feed concentration for each test should be equal for a perfect comparison. However, 
slight variations in the extracted volume of the feed sample at temperature and the injected 
volumes cause some variation in the actual initial concentrations. 
Analytical errors in measured feed values have a major impact on overall analysis. It is thus 
important to ensure that accurate feed concentrations are used in the subsequent mass 
balances, individual and comparative kinetic study and kinetic modelling. However, the 
measured feed concentrations had a large relative error of analysis (Section 6.1.1). 
Unfortunately, some of the feed analyses were not performed in duplicate and the analysis 
could be within ± 5% range. Mass balances show that some specific feed concentrations 
measured were probably not correct. The error associated with pipetting the Rh requirement 
into the synthetic feed make-up or Rh injection procedure at temperature is significantly less 
than the average relative error associated with the solution assay. 
Actual feed concentrations at the starting point have been calculated from the measured 
values to take into account the dilution effect of reagent injection and flush water. The 
dilution factor is calculated from the actual volumes extracted for the feed sample at 
temperature and the volume of reagent and flush water injected at the start of the test. Not 
taking the dilution effect into account would cause an overestimation of metal precipitation 
owing to the different concentration basis. These factors are calculated in Appendix B.2. In 
addition, the feed samples of the substitution reaction system cannot be taken, as this would 
remove sulfide from the system and compromise the comparative study. Hence, the initial 
concentration at time of reagent injection has to be calculated from the feed preparation, feed 
sample and injection volumes. 
Thus, replacing the measured concentrations with predicted feed concentrations was 
considered for all the reaction system profiles in order to improve the accuracy of the results. 
This would also maintain the same basis for comparison by treating all the precipitation 
profile analyses in the same manner. The predicted and measured concentrations before 
and after dilution effects are compared in Table 6.4 and 6.5. The concentrations are similar 
enough to ensure that gross error does not occur during the feed preparation procedures and 
the calculated concentrations can be trusted. On this basis, test #4 was repeated (discussed 
in Section 6.1.6). Differenc s are primarily due to the large analytical error described in 
Section 6.1.1, as well as error induced during the synthetic feed make-up procedure. Metal 
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T bl 64 C fRh d . ed ed d edlcted feed t tl a e . omparlson 0 eSlgn measur an pr concen ra ons . . 
Test Description Rhconc Rh conc Rhconc Rh conc 
# ImJll[ ImJll[ ImJll[ ImJllll 
Design Calculated Measured Calculated at 
before at injection before injection (on 
injection ltheoretica!l iQiection measurecft 
1 Ionic Rh precipitation 96 92.6 98.9 95.3 
2 Ionic Rh precipitation 96 92.6 93.6 90.2 
3 Ionic Rh precipitation 96 92.6 96.9 93.3 
4 Ionic Rh precipitation (discarded) 96 92.6 26.8 25.8 
4R Ionic Rh precipitation 96 92.6 102 98.4 
Sa CuS precipitation 0 0 0.3 0.3 
6a CuS precipitation 0 0 0.2 0.2 
7a CuS precipitation 0 0 0.3 0.3 
Sa CuS precipitation 0 0 0.1 0.0 
5b Substitution reaction 96 93.3 0.2 0.2 
6b Substitution reaction 96 93.4 0.1 0.1 
7b Substitution reaction 96 90.0 <0.05 <0.05 
8b Substitution reaction 96 92.5 <0.05 <0.05 
9 Cu and Rh co-precipitation in situ 96 89.3 103 99.4 
9R Cu and Rh co-precipitation in situ 100 96.2 111 107 
10 Cu and Rh co-precipitation in situ 96 89.4 104 100 
11 Cu and Rh co-precipitation in situ 96 89.3 102 98.3 
11R Cu and Rh co-precipitation in situ 96 89.3 96.2 92.6 
12 Cu and Rh co-precipitation in situ 96 89.3 81.5 78.6 
Table 6.S: Comparison of predicted and measured concentrations for remaining 
elements after dilution 
Test Cu Ni H2SO4 K 
# Predicted measured predicted measured predicted measured predicted measured 
mgll mgll mgll I'I!QlI gil gil mg/l mgll 
1 0 7 0 8 14.4 14.9 963 1145 
2 0 9 0 8 14.4 14.9 963 1127 
3 0 35 0 NR 14.4 16.1 963 1147 
4 0 75 0 NR 14.4 15.2 963 1177 
4R 0 4 0 <2 14.4 17.1 963 931 
Sa 13216 12902 5118 5760 13.4 16.2 929 935 
6a 13312 12450 5156 5650 13.5 16.3 936 894 
7a 13217 13705 5119 5700 13.4 16.4 929 915 
8b 13216 13552 5118 6800 13.9 15.4 929 NR 
5b 0 35 0 NR 15.1 14.6 971 963 
6b 0 85 0 NR 14.5 13.2 971 959 
7b 0 112 0 NR 14.0 14.9 936 903 
8b 0 73 0 NR 14.4 15.1 962 1150 
9 13217 12940 5119 5460 13.9 15.5 929 1084 
9R 14236 13120 5513 5540 15.0 15.4 1001 1186 
10 13223 12800 5121 5540 13.9 15.5 929 1109 
11 13217 13290 5119 6000 13 .. 9 15.8 929 1014 
11R 13217 12460 5119 5360 13.9 14.2 929 1058 
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The predicted feed concentration improves the overall mass balance considerably, 
particularly on systems which have problematic feed analysis (Table 6.6). These specific 
cases are discussed below to support the argument of replacing the measured values with 
theoretical feed concentrations. 
Measured feed concentrations of 9 and 9R are based on a single analysis and the predicted 
feed values improve the overall mass balance by 10% absolute. Test #12 measures Rh 
concentration as significantly lower than the expected theoretical value, where metal 
accounting shows 19% more Rh in the precipitated solids than the original feed. Based on 
this analysis, the 82 mgJI is repeated, which produces an 88 mg/l estimate prior to dilution. 
This new analysis reduces the over-accounting to 15%, taking the dilution effect into account. 
The theoretical diluted value of 89 mgJI reduces the over-accounting to 9%, which is in line 
with the 8% over-accounting of copper in the same test i.e. the Rh accounting is aligned with 
the general systematic error of the test. The 109% accountability is also similar to metal 
accounting of the substitution reaction #8b operating at the same temperature and #11, 
operating under the same co-precipitation system. Thus, the theoretical feed value would 
make these direct comparisons more realistic as well. In addition, the comparison of #1 and 
#9R is particularly sensitive to the different feed concentrations of the measured values, 
because the predicted profiles (Section see 6.1.3) show low precipitation extents. 
Hence, based on the above evidence and arguments, the theoretical diluted value replaces 
the actual measured diluted value in subsequent mass balances, individual and comparative 
kinetic study and kinetic modelling. The approach taken is to replace all the Rh feed values 
in order to maintain the same basis in the comparative study. 
The study uses the measured feed concentrations of the remaining elements and acid 
analyses. This is because the relative analytical error on these analyses is significantly 
smaller than Rh and the adjustment is not required. In this case, the measured values are 
more appropriate. The final feed values used in this study are summarised in Table 6.7. 
6.1.5 Mass balance and metal accounting 
Rh and Cu metal accounting is used as an important measure of the accuracy of the 
individual kinetic profiles. Limitations on the sample volume on the kinetic profile limit the 
mass of solids removed per sample. Thus, it is only possible to perform the metal 
accountabilities on the final sample. 
The Rh metal accounting in this study is defined as: 
% Rh alc = (mol Rh in final soln + mol Rh in final solids) I (Rh at time = 0) % 
Overall metal accounting is calculated in the mass balance log sheets in Appendix B.4. The 
summary in Table 6.6 shows the Rh and Cu accountabilities on measured and predicted 
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Table 6.6: Metal accounting comparison using theoretical and measured feed 
concentrations 
Improvement in 
Test # Predicted Feed Measured Feed metal accounting** 
Rh ale Cualc Rh ale Cualc Rh ale Cualc 
% % % % % % 
1 90 NA 88 NA +2 NA 
2 88 NA 88 NA 0 NA 
3 90 NA 90 NA 0 NA 
4 NR NA NR NA NR NA 
4R 39 NA 37 NA +2 NA 
5b 97 NA NR NA NR NA 
6b 99 NA NR NA NR NA 
7b 102 NA NR NA NR NA 
8b 113 NA NR NA NR NA 
9 97 101 87 104 +10 +3 
9R 99 88 90 96 +9 -6 
10 109 91 97 94 -6 -3 
11 105 97 96 96 -1 +1 
11R 105 97 102 103 -3 0 
12 109 104 119 108 +10 +4 
** Improvement in metal accounting when changing feed basis from measured feed concentration to predicted feed 
concentration; Note: • +' = improvement in mass balance i.e. closer to desired 100"k ; NR= no result; NA = not applicable 
Rh is under-accounted for in the ionic precipitation reactions (#1 - #3), mainly due to solids 
loss caused by precipitation on the PV walls and internals, while ionic precipitation at 
elevated temperature experiences excessive precipitation onto the PV internals and a total 
solid mass cannot be measured. Cu is under-accounted in co-precipitation system due to 
solids loss as well. 
Utilising the predicted feed conditions generally improves the Rh metal accountabilities, while 
Cu accountabilities remain relatively unchanged. Accountabilities are similar for ionic and 
substitution systems for both feed values, but significantly different on the co-precipitation 
system. The general improvement in specific test runs and relatively unchanged 
accountabilities in the other tests support the argument for using predicted feed values, as it 
improves the accuracy of the overall relative kinetic study. 
6.1.6 Repeat tests and replicates 
Test #11 has been repeated and produces a similar Rh preCipitation profile within the 
expected relative error of the analytical analysis on the solution and solids basis. The data 
sets have been combined for kinetic modelling and relative kinetic comparisons. This 
provides additional confidence for the comparison of the remaining profiles, assuming this 
total error remains constant. 
Test #4 has been repeated due to a large amount of Rh precipitating during the heat-up 
phase, probably caused by hydrolysis reactions. The Rh feed concentration at 150°C 
measured at time zero is 25 mgll, showing that approximately 75% of the Rh preCipitates 
during heating phase onto the internals prior to reagent addition. The repeated test has been 
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This approach has been applied to the other systems at 150°C as well (#8b and #12). Test 
#4 results have been discarded from the comparative study. 
Test #9 has been repeated because the precipitate extent at 50°C is similar to extent at 80 
°C. This is contrary to the findings of all the reaction systems, which show a clear 
relationship between increasing temperature causing an increase in precipitation rate and 
extent. The repeat test (#9R) has produced the expected relative precipitation trends with 
regards to temperature and relative kinetics of the various reaction systems, which supports 
the argument for discarding test #9 results. However, the mass balance on test #9 and 9R is 
reasonable (-90%), which indicates that the results for each test could be real (Table 6.6). 
The profiles have been re-evaluated using the solids basis to eliminate the post precipitation 
effect (see Section 6.1.3). However, this has comparison only eliminated the anomaly over 
the initial period. The final precipitation extent of #9 is still significantly greater than #9R and 
similar to ionic precipitation at 50°C (#1). As #9R is the more likely result, the calculated Rh 
concentration is used in the subsequent comparative kinetic study and kinetic modelling. 
However, the dubious results of #9 cannot be discarded outright and additional confirmatory 
test work is required to confirm relative kinetics at 50°C. This is discussed in more detail 
under the co-precipitation results in Section 6.5. 
6.1.7 Sample volumes removed 
In order to maintain constant conditions over the precipitation profile, the sample volume has 
had to be limited to ensure that the volume removed would remain within acceptable limits of 
the initial volume. The final volumes of the tests are within 71 - 83% of the initial volume. 
The impact of this volume reduction on the dimensionless power number is insignificant, 
where the agitation rate has had to be reduced by 1 rpm. The agitator controller is not this 
sensitive. Thus, if the reaction rate were mass transfer controlled, the varying volume and 
power input into agitation would not impact on overall precipitation kinetics significantly. 
6.1.8 Redox potential measurement 
The redox profiles are provided in the individual test log sheets in Appendix B.4 and the 
individual redox profiles are illustrated attached in Appendix B.S. 
The readings have been taken on the filtered solutions after the test for two reasons. There 
would have been insufficient time to read the value prior to filtration, as it would cause 
significant delay before filtration, where precipitation would continue and affect the overall 
kinetic results. Also, the instrument does not produce good replicate results and the whole 
solution profile set is measured in succession to provide at least comparative readings within 
each profile. The varying feed readings of very similar solutions show that, generally, the 
redox profiles cannot be compared to each other, though the relative change within a 
particular profile is reasonable. 
Generally, ionic precipitation is between 200 - 300 mV (against Ag/AgCI) and substitution 
and co-precipitation between 400 - 500 mV after the sulfide addition. Redox decreases 
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6.2 Summary of precipitation results 
6.2.1 Final feed concentrations 
The final feed concentrations used in this kinetic study are summarised in Table 6.7. As 
described in Section 6.1.4 and 6.1.5, the actual measured values adjusted for dilution effects 
are used for Cu, Ni, H2S04, Na and K, while predicted values are used for the Rh, because it 
is a more accurate approach. 
Ideally the comparative study would prefer equal feed samples. Table 6.7 shows that the 
feed concentrations are similar enough to maintain the integrity of the study. In addition, the 
extent of metal precipitation is calculated as a fraction of the feed value, thus eliminating the 
small shift in the concentration profiles due to the varying feed values. 
T bl 67 Feed nt tl eel· th ki tl t d I . a a . conca ra ons us In a na c s u ~ ana!ysis . . 
Test Cu NI H2SO4 Na K Rh 
# mg/J mg/J gil J1l! MgtJ mJ1l! 
1 8 9 15.4 NR 1189 92.6 
2 9 9 15.5 NR 1170 92.6 
3 36 NR 16.7 NR 1191 92.6 
4 78 NR 15.8 10 1222 92.6 
4R 4 <2 17.7 10 965 92.6 
5a 12902 5755 16.2 24 935 0 
6a 12450 5649 16.3 17 894 0 
7a 13705 5701 16.4 10 915 0 
8a 13552 6799 15.4 NR NR 0 
5b 35 NR 14.6 9 963 93.3 
6b 85 NR 13.2 3 959 93.4 
7b 112 NR 14.9 7 903 90.0 
8b 73 NR 15.1 11 1150 92.5 
9 13405 5657 16.1 22 1123 89.3 
9R 13595 5744 16.0 31 1229 96.2 
10 13265 5737 16.1 NR 1150 89.4 
11 13789 6229 16.4 16 1052 89.3 
11R 12952 5575 14.8 18 1100 89.3 
12 13228 5756 15.1 16 1016 89.3 
6.2.2 Precipitation profiles 
Summary of Rh extent using the solids basis and solution basis is provided in Table 6.8a and 
6.8b, respectively. In each basis, the measured solution concentrations are used for the 
substitution system and tests at elevated temperature. Cu precipitation extent using the 
solids basis is provided in Table 6.8c. Concentration data summary is tabled in Appendix 
B.5. It is reiterated that switching from the solution basis to the solids basis does not change 
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Table 6.8a: Summary of Rh precipitation extent for all reaction systems (solid basis) 
Temp Rh precipitation extent %] 
Test # 120 240 
°C 1 min 2min -5 min 10min 30 min 60 min min min 
Ionic sYStem (solids basis) 
#1 50 9 10 14 16 18 19 19 20 
#2 80 34 41 44 48 49 49 51 50 
#3 95 56 56 58 60 63 65 65 65 
#4R ** 150 57 70 85 97 100 100 100 100 
Substitution system (solution basis) 
#5b ** 50 0 0 0 1 2 11 10 17 
#6b ** 80 1 3 11 9 9 30 33 34 
#7b ** 95 4 23 30 26 35 38 42 45 
#8b ** 150 62 80 95 99 100 100 100 100 
Co-DreclDltation sYStem (solids basis) 
#9 50 0 0 1 5 28 30 30 30 
#9R 50 0 0 0 0 3 5 6 5 
#10 80 26 28 28 29 33 35 45 NR 
#11 95 34 28 38 40 53 55 55 56 
#11R 95 12 30 31 34 44 49 47 NR 
#12 ** 150 68 82 89 96 98 100 100 100 
Note: •• measured solution baSIS 
Table 6.8b: Summary of Rh precipitation extent for all reaction systems (solution 
basis) 
Temp Rh precipitation extent %] 
Test # 120 240 
°C 1 min 2min -5 min I 10min 30 min 60 min min min 
Ionic syStem (solution basis) 
#1 * 50 9 10 14 16 18 19 19 20 
#2 80 23 25 24 36 35 47 53 62 
#3 95 33 43 45 55 56 65 70 74 
#4R 150 57 70 85 97 100 100 100 100 
Substitution system (solution basis) 
#5b 50 0 0 0 1 2 11 10 17 
#6b 80 1 3 11 9 9 30 33 34 
#7b 95 4 23 30 26 35 38 42 45 
#8b 150 62 80 95 99 100 100 100 100 
Co-precipitation system (solution basis) 
#9* 50 0 0 1 5 28 30 30 30 
#9R * 50 0 0 0 0 3 5 6 5 
#10 80 19 14 9 17 18 24 32 36 
#11 95 12 14 8 13 21 32 43 51 
#11R 95 9 10 11 15 28 34 42 NR 
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Table 6.8c: Summary of Cu precipitation extent for all reaction systems (solids basis 
Temp Cu precipitation extent %] 
Test # 120 240 
°c 1 min 2min -5 min 10min 30 min 60 min min min 
Co-precipitation system 
#9 50 0 0 0 0 3 16 17 17 
#9R 50 0 0 0 0 3 6 14 12 
#10 80 15 16 15 16 19 20 25 100 
#11 95 14 19 16 17 22 23 
#11R 95 6 16 16 18 21 23 
#12 * 150 23 25 25 25 26 26 
Cu precipitation extent on maximum precipitation [%] 
#9 50 0 0 0 2 17 94 102 100 
#9R 50 0 0 0 0 24 51 112 100 
#10 80 15 16 15 16 19 20 25 100 
#11 95 61 82 69 74 97 100 
#11R 95 28 67 69 77 92 100 
#12 * 150 88 95 97 97 99 100 
* Note: profiles calculated using precipitated Rh In solids basIS 
Table 6.8d: Rh precipitation rate calculated from modelled data for the middle period 
solid basis) 
Temp Rh preci :>itation rate (-r Rh) [mg/min/L] 
Test # 120 240 
°c 1 min 2min -5 min 10min 30 min 60 min min min 
Ionic system (solids basis) 
#1 50 2.0 1.0 0.33 0.17 0.07 0.03 0.02 0.01 
#2 80 2.5 1.2 0.49 0.25 0.08 0.04 0.02 0.01 
#3 95 1.7 0.9 0.35 0.17 0.06 0.03 0.01 0.01 
#4R ** 150 11.3 7.8 3.0 0.80 0.01 
Substitution syStem (solution besls) 
#5b ** 50 0 0 0 0.51 0.17 0.08 0.04 0.02 
#6b ** 80 5.6 2.8 1.1 0.56 0.19 0.09 0.04 0.02 
#7b ** 95 5.4 2.7 1.1 0.54 0.18 0.09 0.05 0.02 
#8b ** 150 19.7 10.4 2.6 0.50 0.25 0.05 
Co-precipitatlon system (solids basis) 
#9R 50 0 0 0 0.07 0.04 0.02 0.01 
#10 80 2.9 1.4 0.6 0.29 0.10 0.03 0.02 
#11 95 3.8 1.9 0.8 0.38 0.13 0.06 0.03 0.02 
#11R 95 6.2 3.1 1.2 0.62 0.21 0.10 0.05 
#12 ** 150 6.7 3.8 1.8 0.83 0.36 0.03 
** - u •• .. ,u •• Note. measured solutIon basis, 50 95 C. data modelled to emplncallogarithmlc function, 150 C. pseudo first order 
kinetics 
The precipitation profiles of the various systems are presented and discussed for each 
individual system in the sections to follow, while comparative kinetics between the systems is 
discussed in Chapter 7. 
The Rh precipitation rate presented in Table 6.8d is calculated as described in Section 3.2.8 
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6.3 Ionic Rh precipitation 
6.3.1 Temperature effect 
Ionic Rh precipitation has been performed at various temperatures at constant conditions, 
particularly sodium thiosulfate addition at 13.5 gil, which is 37 times greater than the Rh 
requirement (see 'Actual Concentrations' in Appendix B.2). Rh precipitation profiles are 
illustrated in the Figure 6.1. The Rh precipitation rates are calculated from the kinetic model 
developed in Section 6.6 and illustrated in Figure 6.20a and Appendix B.5. 
The preCipitation profiles show a clear relationship of increasing Rh preCipitation kinetics and 
extent with increasing temperature. After 10 min reaction time, approximately 16% Rh 
precipitation occurred at 50°C compared to 97 % at 150°C. At 240 min, 20, 62, 74 and 
100% Rh preCipitation occurs at 50, 80, 95 and 150°C, respectively. Comparative statistics 
in Chapter 7 shows that the differences in the profiles are significant. 
Incomplete precipitation at atmospheriC temperatures at this large excess of thiosulfate 
addition indicates that passivation has occurred onto the elemental sulfur formed during 
thiosulfate decomposition (section 6.3.2). Passivation is discussed in more detail in Section 
6.6. 
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Figure 6.1: Ionic Rh precipitation at 50, 80, 95 and 150 DC, showing dominant temperature effect of increased Rh 
precipitation rate and extent with increasing temperature. Test conditions were kept constant, with sodium 
thiosulfate added at 37 times molar excess than stoichiometric requirement. 
The chemical reaction step at the surface is usually much more sensitive to temperature than 
the physical steps (Livenspiel, 1972); thus the sensitivity of this ionic reaction system to 
temperature indicates that the reaction is chemical reaction controlled rather than mass 
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6.3.2 Stoichiometry 
Measured molar ratios are calculated in log sheet and mass balance tables in Appendix B.4. 
Molar ratios of various elements and 1 or compounds are summarised in the Table 6.9. 
T bl a e6.9: M easure d' I Rh Ion c I It . t I hi precipi atlon soc ometry ratios 
Test # Molar ratios of compounds 
Acid I S S/Na Acid/Na Rh I Acid 
% % % % 
1 95 89 94 0.7 
2 86 88 87 1.5 
3 90 82 85 1.7 
4R 99 88 98 1.8 
Average 92 87 91 1.4 
Expected 25 133 33 67 
Note: 
Acid / S = H~04 consumed / S In solids; S / Na = S in solids / N~Oa added; Acid / Na 
= H2S04 generated / N~2Oa ; Rh / Acid = Rh precipitated from solution / acid consumed ; 
100% is a 1: 1 mole ratio 
The ratios of specific tests or the average ratios are compared to the expected ratios, which 
are based on the expected ionic precipitation without redox reaction chemistry presented in 
Chapter 5. Acid consumption and S precipitation is in great excess of the stoichiometric Rh 
precipitation. Acid must have been consumed mainly through thiosulfate degradation to 
elemental S, where 3 mols of sodium thiosulfate would produce 4 mol S, as per the reaction 
below: 
(5.11) 
Complete Rh precipitation at elevated temperatures shows that sufficient thiosulfate was 
added initially to maintain the required excess for the comparative study. The 92% average 
ratio shows less S precipitated than the maximum 4/3 or 133%. Thus not all the excess 
thiosulfate degrades and sufficient sulfide is left for Rh precipitation. Some potential S 
precipitation is lost to H2S gas detected in the atmosphere, possibly formed through 
thiosulfate hydrolysis in reaction 4.10. 
Acid consumed is significantly more than the expected -25% from thiosulfate degradation, 
which must have occurred through additional acid consumption reaction/s not considered in 
the thermodynamic study. Some potential acid formation could have been lost to S02 1 S03 
gas formed in reaction 4.12, which escaped the vapour space and eventually the system 
during sampling. 
The comparative kinetic tests have been partially compromised by this degradation, as Rh 
can precipitate onto the elemental sulfur as Rh sulfide (reaction 5.7f) (Barkan and Greiver, 
1977a) would be slower than nucleation and crystal growth. However, ionic precipitation 
remains the fastest precipitation system when compared to substitution and co-preCipitation 
at 50 - 95°C, thus it does not affect the general relative kinetic comparison. 
Temperature does not seem to affect the overall stoichiometry, thus it does not affect the 
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6.3.3 Stoichiometric thiosulfate addition 
The comparison of ionic Rh precipitation kinetics and extent at elevated temperatures for 
excess thiosulfate addition and stoichiometric requirement is illustrated in the Figure 6.2. 
Both precipitation profiles demonstrate fast initial precipitation kinetics, slowing down over 
the second period and followed by a slow approach to completion. 
Initial rate of precipitation of excess addition is almost double that of the stoichiometric 
addition at half the feed concentration, highlighting the effect of Rh3+ and S2. concentration on 
overall preCipitation rate. Complete precipitation only occurs with excess sulfide addition. 
The incomplete Rh precipitation during the stoichiometric reaction can mainly be explained 
by the thiosulfate degradation reactions, whether sulfide precipitation potential is lost to H2S 
and S02 / S03 gases, or acid digestion. This again demonstrates the need for excess sulfide 
in the comparative kinetic study. 
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Figure 6.2: Ionic Rh precipitation at 150 DC, comparing stoichiometric sodium thiosulfate addition requirement 
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6.4 Cationic substitution 
6.4.1 Temperature effect 
Rh precipitation kinetics on CuS increases significantly with increasing temperature. The 
precipitation profiles are illustrated in Figure 6.3. The Rh precipitation rates are calculated 
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Figure 6.3: Rh substitution with CuS at 50,80,95 and 150°C, showing dominant temperature effect of increased 
Rh precipitation rate and extent with increasing temperature. CuS is prepared and added to simulate conditions 
of precipitating it in the ionic and co·precipitation tests. 
In the substitution reaction system after 10 min reaction time, Rh precipitation is 1 % at 50°C, 
while almost complete preCipitation occurs at 150°C. At 240 min, 17, 34, 45 and 100 % Rh 
preCipitation occurs at SO, 80, 95 and 150°C, respectively. The extent and rate increases 
significantly with increasing temperature, indicating that this reaction is chemical reaction 
controlled. However, the surface area of the previously preCipitated CuS increases with 
increasing temperature; thus the contrOlling step cannot be deduced from temperature alone. 
Incomplete precipitation at atmospheric temperatures at this large excess of CuS indicates 
that passivation occurs, which is discussed in Section 6.6. 
An induction period of -10 min occurs before Rh precipitation is noticeable. It cannot be due 
to thio-complexation, as no thiosulfate is added to the system. 
6.4.2 Cu leaching during substitution 
The Cu leaching from CuS with Rh3+ is illustrated in Figure 6.4. The fact that Rh precipitation 
occurs onto the CuS system has the implication that the interaction of the bulk metal sulfide 
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understand the co-precipitation mechanism. Only partial leaching is noticed at atmospheric 
temperatures, while approximately 44% of the expected Cu is leached at 150°C. The ratio 
of Cu released per mol Rh precipitation is quantified and discussed in Section 6.4.3. 
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Figure 6.4: Cu leaching profile at 50, 80, 95 and 150°C, showing significant Cu release at 80 and 150°C. 
6.4.3 Stoichiometry 
Measured molar ratios are calculated in the log sheet and mass balance tables in Appendix 
84. The ratios of various elements or compounds for ionic Cu precipitation are summarised 
in the Table 6.10 and Rh substitution ratios are summarised in Table 6.11. 
T bl 610 M red I I C . ltatl t I hi t Ith thO If ate ddltl a e . eaau one u preclPI ona oe omeuyw loau a on . . 
Molar ratios of compounds on final samples (%) 
Test # Cu/Na CulS Cui Acid Acid/Na S/Na 
5a 64 162 161 40 39 
6a 29 115 73 39 60 
7a 83 113 (7b data) 169 49 NA 
8a NA 87 (Sbdata) NA NA NA 
Average 59 119 134 43 50 
Expected 100 100 44-100 100 100 
Note: 
Na = Nli2S20s.5~O added, measured by Na in final solution; Cu / Na = Cu precipitated from solution / Na ; Cu / S = Cu to 
S in solid; Cu / Acid = Cu precipitated from solution / H2S04 generated in solution; Acid / Na = H2S04 generated / 
NaaSaOs.5H20 added; S / Na = S in solids / NaaS203 added; 100"k is a 1: 1 mole ratio 
Molar ratios from solution chemistry show that Cu preCipitates as CuS, however #5a in Table 
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6.11 confirms CuS formation. The moles of Cu precipitated against the moles or thiosulfate 
added ion approached the ratio of one, but complete precipitation does not occur. The 
solution stoichiometry is affected by the acid consumption reaction and acid balance cannot 
be used to confirm various reactions. 
Table 6.11: Measured Rh cationic substitution stoichiometry 
Test # Molar ratios of compounds on final samples (%) 
Cu leached/ (Cu+Rh) / S 
Rh ppt (solids) Rh ppt/ acid 
5b 17 78 13 
6b 30 115 1 
7b 6 114 1 
8b 66 89 3 
Average 30 99 4.6 
Expected 150 100 0 
Note: 
Na = NazS203.5H20 ; S =elemental S or S2- ; Acid = H2S04 generated; (Cu+Rh) I S 
= total metal to sulfide in solids; 100% Is a 1: 1 mole ratio 
Table 6.10 shows that only partial Cu2+ release occurs during Rh precipitation through 
substitution. At atmospheric temperatures, Cu released into solution over the amount of Rh 
precipitation averages at 30% basis pOints of the expected 150% for the substitution reaction 
i.e. only 20% of the expected Cu release. At 150°C, the Cu release increases to 44% of 
expectations. 
Possible explanations for partial Cu leaching into solution are: 
1. Sulfide-containing ions have not been sufficiently washed off the precipitated CuS, 
causing some ionic precipitation at the surface, forming Rh,Cu mixed sulphide 
(Rudnev and Malofeyeva, 1964), 
2. Alternative Rh compounds have formed, leaching different stoichiometric quantities of 
Cu via reaction 5.8a - 5.8c 
Additional test work is required to confirm the release of Cu during cationic substitution. The 
tests should be designed independently from the comparative kinetic study to ensure 
sufficient background Cu in solution to saturate the CuS surface. Secondly, the ratio of Rh3+ 
to CuS should be increased to concomitantly increase the amount of Cu2+ release. 
It must be highlighted that the actual release of Cu2+ is of lesser importance than the fact that 
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6.5 Rh co-precipitation 
6.5.1 Determining the appropriate precipitation profile results 
Problems with accuracy of the measurement of the Rh precipitation profiles are discussed in 
Section 6.1, highlighting relatively high analytical error and post precipitation in the samples. 
The specific impact on the co-precipitation system results is discussed in more detail below, 
highlighting the most appropriate data selected for the subsequent comparative kinetic study. 
• Rh precipitation at 50°C 
Section 6.1.6 describes the results of duplicate co-precipitation tests producing very 
different results for solution and solid profiles, though both tests have similar metal 
accounting of 90%. Additional confirmatory test work would be required to confirm 
relative kinetic comparisons at 50 °C. Only the ionic and substitution reactions can be 
compared with any confidence. 
• Cu precipitation over 50 - 150°C 
Figure 6.5 shows that, at 80 - 150 °C, a rapid decrease in concentration occurs over the 
first two samples, followed by a rapid increase in concentration, before decreasing 
steadily to completion. There are a number of possible explanations and counter 
arguments for this phenomenon: 
1. Cu is released back into solution on 80 - 150°C profiles by Rh preCipitation through 
cationic substitution; however, the amount of Rh preCipitated does not account for all 
the Cu release, particularly at 150°C. 
2. Initially two samples were contaminated with residual thiosulfate from the injection 
procedure, as discussed in Section 6.2.2, which would explain the release of Rh as 
well; however, flush samples would have reduced this contamination on the first 
sample and probably eliminated it on the second sample. 
3. Post precipitation of Cu and Rh in the initial samples, as discussed in Section 6.1.3, is 
the most likely cause. 
The predicted Cu concentrations based on solid profiles are presented in Figure 6.6. This 
eliminates the excessive releaching of Cu back into solution, confirming that it is mainly 
caused by the post precipitation phenomenon. This suggests that the laboratory did not 
provide adequate total stream analysis. However, a small release still occurs, probably 
due to cationic Rh substitution, as well as possible thiosulfate contamination. 
Unfortunately, the comparison of the measured and predicted Cu concentration data 
presented in the log sheets in Appendix 8.4 shows that the predicted concentrations 
underestimate the Cu precipitation towards the end of each precipitation profile, probably 
due to solid loss during the test procedure, as discussed in Section 6.1. This is illustrated 
by comparing Figure 6.5 and 6.6. Thus, it is important to maintain the same comparative 
basis within each profile, as well as comparing the profiles at various temperatures. 











Kinetics of individual systems 
1~+-------------------------------------------------------------------4 






- • - #9-Cu-50 oC 
- .. - t11 R-Cu-95 oC 
40 
Time (min) 
- • - #9R-Cu-50 oC -t10-Cu-80 oC 
-t12-Cu-150 oC 
60 80 
-6- - t11-Cu-95 oC 
Figure 6.5: Cu co-precipitation at 50, 80, 95 and 150°C, showing dominant temperature effect of increased Cu 
precipitation rate and extent with increasing temperature. 
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Figure 6.6: Cu co-precipitation at 50, SO, 95 and 150°C, calculated from solid mass precipitated, assuming CuS, 
to avoid overestimation of Cu precipitation due to post-precipitation in filtrates; profiles illustrate that increasing 
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6.5.2 Temperature effect on Rh and Cu precipitation 
Figure 6.5 and 6.6 illustrates the rate of Cu precipitation during co-precipitation concomitantly 
increasing with temperature. Thus, the reactions are probably chemical reaction controlled. 
Similar overall precipitation extent occurs at 95 - 150 DC, while significantly slower 
precipitation kinetics and extent occurs at 50 DC. The solids basis shows that Cu 
precipitation at 50 DC experiences an induction period of approximately 5 min before 
precipitation is visible. This would be due to the time required for the homogeneous 
reactions prior to nucleation and crystallisation. Precipitation rate is effectively immediate at 
80 DC and above. Rh precipitation also shows this induction period. 
Similarly, effect of temperature on Rh co-precipitation is illustrated in the Figure 6.7, showing 
that Rh precipitation kinetics and extent increases significantly with increasing temperature. 
After 5 min reaction time, insignificant precipitation occurs at 50 DC, compared to 89% at 
150DC. At 240 min, 5 - 30, 36, 51 and 100 % Rh precipitation occurs at 50, 80, 95 and 
150DC, respectively. The precipitation profile at 50 DC on #9 and 9R shows that Rh 
precipitation occurs at the same time as Cu precipitation. Either the relative ionic 
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Figure 6.7b: Cu and Rh co-precipitation profiles at 50,80,95 and 150°C, calculated from solid mass 







Comparative statistics of the precipitation profiles in Chapter 7 shows that the difference of 
separation between 80 and 95°C ts significant on the solids basis, but are similar on the 
solution basis. It is believed that this disparity is due to the post precipitation. The co-
precipitation reaction systems' sensitivity to temperature over the initial period shows that Rh 
co-precipitation is probably chemical reaction controlled. 
The precipitation rate of Rh and Cu is compared in Figure 6.7b, showing the relative 
precipitation rate over the first 120 min. At 50°C, Cu experiences approximately 10 min 
induction period before relative slow Cu precipitation commences, while Rh precipitation 
does not occur over the first 20 min. At 150°C, Cu precipitation is slightly faster than Rh 
precipitation. Cu precipitation is completed after the 3 minutes, while Rh precipitation is 
approximately 85% completed. At 80°C, the relative rate of Cu and Rh precipitation is in 
between 50 and 150°C. The ratio of the relative precipitation rates is presented in Table 
6.12 in Section 6.5.3. 
At atmospheric temperatures, the Rh precipitation was incomplete, probably due to 
passivation of the CuS, which is discussed in Section 6.6. 
6.5.3 Comparison of Rh and base metal precipitation rates 
Aqueous sulfide is required to precipitate Rh through the ionic reaction path in the co-
precipitation mechanism. If the aqueous sulfide is preferential~ consumed, then Rh 
continues to precipitate through the cationic substitution with Cu + in CuS described in 
Section 6.5.2. Relative kinetics of various precipitating metals is compared to gain an 
understanding of the co-precipitation reaction mechanism. The extent of Cu precipitation is 
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Relative kinetics of various precipitating metals, namely, Rh, Cu and Ni, is compared to gain 
an understanding of the co-precipitation reaction mechanism by comparing the following: 
1. Initial absolute precipitation rates, 
2. Relative precipitation rates on a normalised basis (Table 6.12) (Figure 6.7b), 
3. Ratio of Cu to Rh in the co-precipitated solids (Figure 6.8). 
From an absolute perspective, the initial rate of Cu precipitation is over two orders of 
magnitude higher than Rh over 80 -150°C. Initial rates measured are -40-50 mmol Culmin 
compared to -0.1-0.6 mmol Rh/min. This can be explained by the fact that Cu concentration 
is two orders of magnitude greater than Rh. The extent of Cu precipitation is used as an 
indication of the amount of aqueous thiosulfate available for ionic Rh precipitation. On an 
absolute basis, CuS precipitation consumes the bulk of the aqueous thiosulfate (sulfide) ion, 
limiting the amount of ionic Rh precipitation. Once the aqueous sulfide is depleted, Rh would 
continue to precipitate through the cationic substitution reaction. 
Final Cu precipitation extents normalised to the maximum precipitation extent of 26% are 
compared to Rh precipitation extents. The ratio of Cu extent to Rh extent is presented in 
Table 6.12. A ratio of one implies that the precipitation extents are equal from a relative 
perspective. A higher ratio shows that Rh precipitation is less selective than copper from a 
relative respective. 
Table 6.12: Relative Cu and Rh precipitation rate (solids basis) 
Test # Temp 120 240 
°c 1 min 2mln -5 min 10min 30 min 60 min min min 
#9 50 - - 0.0 0.4 0.6 3.1 3.3 3.3 
#SR 50 - - - 0.0 8.8 9.7 17.4 18.8 
#10 80 2.2 2.2 2.2 2.2 2.2 2.2 2.2 -
#11 95 1.8 3.0 1.8 1.8 1.8 1.8 - -
#11R 95 2.3 2.3 2.3 2.3 2.1 2.0 - -
#12 150 1.3 1.2 1.1 1.0 1.0 1.0 - -
Table 6.12 shows that the ratio increases with decreasing temperature i.e. Rh precipitation 
selectivity decreases with decreasing temperature. At 50°C, Rh overall selectivity decreases 
with reaction time, as more Cu preferentially precipitates. However, at 95°C the ratio 
decreases only slightly with reaction time, while at 150°C, Cu precipitation is only marginally 
faster than Rh from a relative perspective. 
At 50°C, the induction period of 5 - 9 min is noticed for Cu and Rh, where precipitation 
occurs simultaneously, with Cu precipitation being relatively faster than Rh. Either the 
relative ionic precipitation rates are the same or the formation of CuS triggers Rh 
precipitation. 
An alternative approach to quantifying precipitation selectivity is the ratio of Cu and Rh in the 
solids against temperature for each reaction system. Figure 6.8 shows that Rh selectivity 
improves with increasing temperature, mainly because of additional Rh precipitation relative 
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Figure 6.8: Rh and Cu ratio in solids for the substitution and co-precipitation systems over 50 - 150 °C, 




In summary, Rh precipitation selectivity decreases with decreasing temperature and 
relatively more Rh in the feed would have to precipitate through the substitution reaction path 
for complete Rh precipitation. 
6.5.4 Selectivity of base metal precipitation 
Assays in the log sheets in Appendix 8.4 shows that Cu precipitation is almost completely 
selective over Ni precipitation (0.05-0.08% Ni detected on solids). This would be expected 
from a thermodynamic perspective, where CuS is significantly more insoluble than NiS. In 
this case, the Ni concentrations are in the same order of magnitude as Cu and kinetic effects 
do not come into play. Thus, the overall Cu precipitation rate is significantly faster than Ni 
due to the chemical driving force. 
Alternative findings would be expected if the relative concentrations of Cu and Ni were 
significantly different. If Cu concentration had been relatively low compared to Ni, then by 
the same argument, Cu would co-precipitate with Ni while attempting to achieve complete Cu 
removal. This would likely occur due to overall Ni precipitation kinetics being faster than 
copper, similar to the Rh and Cu co-precipitation system currently being studied. If Cu were 
not present, then Rh preCipitation selectivity over Ni could possibly improve over that of Cu 
owing to the thermodynamic effect of a larger difference in metal sulfide solubility products. 
Ni would probably still preCipitate due to metal concentrations affecting kinetics if the solution 
potential is reduced enough. 
If the Cu2+ concentration is d~creased sufficiently to reduce the overall Cu precipitation to a 
rate similar or slower than Rh3+, then one would expect Rh3+ precipitation to become 
selective over Cu2+, If Cu concentration is low relative to Rh, then complete selectivity would 











Kinetics of individual systems 
for specific systems, as the relative kinetics of the individual metals is dependent on their 
concentrations. 
In general, both the thermodynamics and overall relative kinetics must be taken into account 
when predicting the response of co-precipitation systems. The relative difference in the 
metal sulfide solubility products and the relative concentrations affects the overall 
precipitation rates, which has a direct effect on precipitation selectivity and the co-
precipitation mechanism. The kinetic effect has the greatest impact on selectivity if the 
concentration differences are large enough. 
6.5.5 Stoichiometry 
Stoichiometric calculations are performed using both the solution and solid profiles. The 
molar ratios between compounds and elements summarised in the Table 6.13 supports 
expected ionic Cu and Rh precipitation with CuS formation. The ratio of metal precipitation 
to thiosulfate addition shows nearly complete metal sulfide addition occurs. The solids show 
slightly lower ratios, probably due to some solids being under-accounted (see Table 6.6). 
The ratio of S precipitated against thiosulfate indicates that some thiosulfate is lost to H2S 
and S03 gas with increasing temperature, causing relatively less CuS precipitation. Test 
#9R shows incomplete sulfide precipitation and it is expected that some of the sulfide has 
possibly been complexed with the base metals in solution. This could possibly be a function 
of the unknown acid-consuming reaction being a function of temperature. 
Acid stoichiometry remains unconfirmed, probably due to acid consumption reactions 
described in ionic precipitation section. Acid consumption seems to increase with increasing 
temperature. 
'): bl 613 M red Rh de I Itatl t I hi t ~ e . easu an u co-precipi ons oc ome~ry . . 
(Cu+Rh) 
Basis (Cu+Rh) I Acid (Cu+Rh) I 
INa % S Acld/Na SINa 
9R Solution 67 148 45 
Solids 50 131 38 
10 Solution 120 122 99 
Solids 96 96 100 
11R Solution 85 73 117 
Solids 97 106 92 
12 Solution 71 47 150 
Solids 101 110 91 
Average Solution 86 98 103 86 
Solids 86 111 86 
Expected -100 -100 -100 -100 -100 
Note: 
Cu+Rh metal precipitated from solution for solution basis and Cu+Rh measured In precipitate for 
solids basis; Na = Na~~.5H20 added, measured by Na in final solution; S = elemental S or S2. in 
solids; Acid I Na = H2S04 generated I ~03.5~O added; S I Na = S In solids I Na2S2Oa added, , 
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6.5.6 Rh distribution in CuS 
1. Elevated temperatures 
Preliminary mineralogical analysis has ooen performed at Anglo Research Mineralogy 
Department using the SEM-EDX/MLA technique on the co-precipitation scouting test (#0-1). 
This precipitate is produced at 150"C under conditions similar to test #12. though the initial 
Rh concentration is lower at 50 mgll. 
Dinham (2006) has reported that extremely fine-grained, spongy particulates of less than 3 
jJm diameter precipitated CuS are found throughout the sample. These CuS particulates are 
not exclusively covellite as produced in the production plant CSTR at 95°C (Andrews. 2001); 
instead, approximately half of the CuS particulates contain a few percent of oxygen 
incorporated in the crystal structure. Neither the CuS nor the CuS-O particulates have 
aggregated to the levels observed in plant samples. 
A small number « 10 grains) of the fine-grained CuS aggregates contain small areas of 
higher backscatter. Analyses of these areas indicate slightly elevated Rh concentrations of 
up to 2.0 ± 0.4 wt % (Dinham. 2006). Figure 6.9 illustrates an EDX spectrum obtained on a 
Rh-enriched area within a CuS particulate, illustrating the relative proportions of Cu, S and 
Rh In many cases the areas of Rh distributioo are small, potentially smaller than the 
estimated 2 - 3 jJm !Jeam Size of the SEM. 
SEM mapped images are then run to confirm the single point results on Rh-rich areas. Figure 
6.10 presents an example of such a mapping, containing 0, S, Rh, Ni and Cu distrilxition 
within a particular grain. 
Figure 6.9: EDX spoctrL.m ilt llSlrating t~ rclative propo""",,, 0/ Cu Ni, Sand Rh mcaSUfcd in a Rh-frtlrlcr.ed 
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These maps indicato that higher than background Rh 10vGls soom to occur throughout the 
entire mapped particulate. Dinham (2006) concludes that Rh is iound to b() randomly 
distributed at slightly higher than background levels in solectod CuS or CuS-O grains. 
Dinham (2006) sUgg()sts that it wou ld De unlikely that th () Rh can De mapped using electron 
microprobe techniques, unl()ss coarser material that is neither oxidised nor porous can be 
producod. This implies that this technique is not idoal for precipitate formed at elevated 
temperatures and alternative techniques WQulr1 havf! tn he ,]fled_ 
2. Rh co-precipitation in CuS at atmospheric temperatures 
SEM-EDXIMLA and microprobo techniques would Mve been used to compare th() Rh 
distrlootion in the CuS for the substitution and co-pmcipitation systems_ This was originally 
part of the scope of this work, but it was not performed due to budget and time constraints_ A 
previous Rh distrillution study commissioned by the author u~;ing the microprobe technique 
on samples produced in the Rhodium Removal Section at RBMR in a CSTR at 95 °C shows 
the following {Andrews. 20(H}: 
1, Distinctive sulfide mineral (Cu, Pd, Rh, Ru, S) containing - 10 % Rh, 
2 Rh substitution in covellite particles: some CuS contains up to 1.5 % Rh, 
3_ Rh enrichment towards th() edg() of tho covellite particles. 
Data lrom Ihe measurements taken approximately 5 ~m apart OVEr a numbm of CuS 
particles 01 varying size has been normalis(){j to th() fraction aWolY from the edge, Plotting Rh 
percent against the normalised distance clearly demonstrates this average enrichmenl in the 
Figure 6.11, Linescans shown in three-dimensional graph in Figure 6,12 illustrate th() Rh 
distribution over the cross-section of one particular particle, also showing enriChment towards 
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Figure 6.11: Mk:roprolJ.e I;""sea .... show in Rh mass percent in the co-precjpHat~d oav~lIite formed in the 
thiafDrm proc~ ss a t 95 'C; Rh distribulioo was m~asurGd at 5 ....., itltGrval. ewer a ""moor of particle " shawing 
Rh mass % it1Grea,Og towards the fr<I!Jes at 0 aCId 1 
Figure 6.12' Thr"" dim"" " onal Rh distribulion OVGr a cross-sectkn of a covellit~ p"rt i ol ~ pmducoo in the 
thKlfDrm prOC~S5 at 95 'c, ""'owin g ervichm ",,1 toward s the 00gG (Fi gLJra i1 Andrews, 2001). 
3. Interpretation of mineralogical results of Rh distribution 
Plant samples have been proouced at 95 "C, wh ile the preliminary material irl this study is 
precipitated at 150°C. The char.ge in the microstructure can be explained by the high super-
saturatioo and faste r precip ltatioo kinetics at higher temperatures. causirlg firler material to 










ThQ aQtual b<lckground concentration is estimated from tre stoichiometry calculations at 
1.2% Rh, assuming compl<ctQ Rh precipitation occurred (Appendix B.4). This is a fa ir 
assumption b<lsed on compete Rh prQcipitation in tQst #12 The very small number of 
particlQs foond to Qontain Rh at 2.0% implies that the rest of the GuS sample must haVQ 
contained the ranoomly distributQd Rh at the background concentration near 1.2%, though 
the partides are too small to be detected. The oxygen in thQ GuS IXlssibly indicates that a 
small amount of mQtal could have precipitated through the hydrolysis reactions or it simply 
occurred through jXlSt-oxidation of the solids during drying. 
The incrQascd Rh con1:Cntration towards the edge of the co-precipitated Qovellite particlQ 
indicates that Rh preQipitated through thQ hQterogQnQous substitution rcaction 10niQ 
precipitation, catalysQd by thQ GuS. 1:(Juld also take place; however, the aqueous sulfidQ 
con1:Cntration would have t>een low due to the immediate aqueous sulfidQ consumption 
through GuS prQcipitation The Rh in the centre probably results from ionic precipitation, 
however, substitution throughout the crystal growth or diffusion of Rh into thQ centre could 
atso explain th is. 
Rh distribution in thQ co-predpi tatod covellite must be compared to the coveltite in the 
substitution system to quantify the dominant reaction path in co-precipitation. If Rh 
passivates the outer surtaCQ of the GuS in the substitution system, thereby limiting the 
amount 01 Rh precipitating inside the particle, then the relative distribution of Rh in the co-
precipitated covellite ""'; 11 indiQate the amount of Rh precipitat ng through each reaction path. 
The rate of Rh distribution from the outSide to the centre would provide valuable insight into 
when the reaction path occurs. It Rh diffuses appreciably into the porous GuS particles in 
the substitution reaction system and precipitates throughout the GuS particle. then it 
becomes more ditticult to predict thQ dominant reaQtion path in co -precipitation. A direct 
comparison of the Rh distribution in substituted and co-precipitated GuS on a time basis 
would show the relative kinetics of the two independent systems. The relative kinetics would 
be USQd to in fer a dominant reaction path in co-prec:pitation. For example. if mineralogy 
confirms that the substitution reaction is signifiQanHy slower than ionic preCipitation, then one 
could infer that most of the Rh in the centre of the GuS would have precipitated ionk:ally. as 
aqueous sulfide would still have bcQn present Alternatively, some Rh could have 
precipitatQd by the substitution reaction occurring in the homogeneous phase before 
crystalline GuS had formed. 
4. Additional mineralogical analysis required 
SEM·EDX/MLA and microprobe techniques should t>e used on the atmospheric precipitates 
of this study to confirm previous results and show Rh distribution in the GuS for the variOUS 
reaction systems. Dinham (2006) recommends two alternativQ analytkal techniques whim 
may provide further information on the mooe 01 occurrence of Rh for atmospheric and 
elevated temperatures; 
1 X-ray Photoelectron Spectroscopy (XPS) is capab e of analysing the first few 
molecular layers 01 a mineral surface, providing compositional analysis of the surfacQ, 
oxidation and bonding stages c( the same element. 
2. X-ray Absorption FinQ Structure (XAFS) spectroscopy, wtlich is an elemental 
speciation technique that utilises the measurement of the variation (finQ structurQ) of 
the X-ray absorption coefficient with Qnergy in the vidnity 01 one of the characteristic 











Kinetics of individual systems 
These techniques are used by some researchers in the study of CuS formation described in 
the literature review. 
6.6 Modelling Kinet/cs 
Kinetic modelling has been primarily performed to understand the mechanism of individual 
reaction systems, particularly the co-precipitation system. The development of an accurate, 
predictive model is of secondary importance and used only to test the validity of the selected 
model. The error in the analytical measurement is not accurate enough to produce accurate 
kinetic data like activation energy of overall rate constants. However, the kinetic data is 
certainly accurate enough to produce comparative results. 
Another key reason for modelling the kinetic data is to produce linear regression lines, 
preferably using a fundamental model, to compare the precipitation extent of the various 
precipitation profiles on a rigorous, statistical basis. This is addressed in Chapter 7. 
The kinetic modelling is initially performed on the predicted Rh solution concentrations using 
the solids basis described in Section 6.3. This is followed by repeating the modelling using 
the measured solution concentrations as an additional check. Calculated kinetic modelling 
data is attached in Appendix B.6. 
6.6.1 Preliminary testing 
The kinetic data modelling shows three distinctive precipitation periods for each precipitation 
system, namely, the initial period showing extremely fast precipitation, the middle period 
approximated by first or second order kinetics and a final period showing a slow approach to 
completion (Figure 6.13 - 6.14). 
Definitions of the various precipitation regions used in this study are provided below: 
1. The induction period is the delay time before perceptible nucleation occurs i.e. 
reactions in the homogeneous phase prior to solid precipitation. 
2. The initial period of precipitation is defined as the period where very fast precipitation 
occurs, which is usually complete after 1 - 2 min. The comparative kinetic study in 
Chapter 7, the initial period is extended up to 5 min to provide sufficient data points 
for the comparisons. At 50°C, the induction period precedes the initial period, while 
at 80 -150°C, the induction period is not noticed. 
3. The middle period is time period of the precipitation profile after the induction and/or 
initial period, following pseudo first order kinetics at a significantly slower rate. 
4. The final period of the precipitation profile, where precipitation extent tends to 
completion, showing very slow kinetics or effectively stopped. 
5. The initial rate is limited to the first sample of the solids profile using the solids basis. 
For each reaction system, modelling of the first two periods together, the linear regression 
line provides good correlation with the kinetic models; however, the lines are shifted from the 
origin, breaching the requirement for first order kinetics. This shifts the predicted 
concentration away from the measured values. Table 6.14 summarises overall rate constant 
measured and quality of the linear fit. Quality of the first order kinetic model fit increases with 
increasing temperature, however, the shift increases as well. Generally, the shift is caused 
by significantly faster precipitation kinetics in the first few samples than over the middle 











Kinetics of individual systems 
Table 6.14: Rh precipitation first order kinetics linearisatlon constants over the Initial 
and middle period (solids basis) 
Test # Significance of Coaff .of 
Temperature Data range Slope y-intercept correlation R variance 
K Min k (min'1) P(tfRH R2 
Ionic 
1 323 0-30 4.78E-03 0.08 0.08 0.59 
2 353 0-30 6.51E-03 0.51 0.13 0.59 
3 368 0-60 3.82E-03 0.85 0.00 0.90 
4R 423 0-13 2.82E-01 0.66 0.00 1.00 
Substitution 
5b 323 0-180 1.20E-03 0.002 0.00 0.90 
6b 353 0-180 2. 1 OE-03 0.074 0.01 0.76 
7b 368 0-120 3. 39E-03 0.20 0.01 0.64 
8b 423 0-15 3.20E-01 1.23 0.03 0.85 
CO-DreciDitation 
9R 323 0-60 9. 89E-04 0.00 0.00 0.99 
10 353 0-180 1.77E-03 0.33 0.00 0.95 
11&11R 368 0-120 3.97E-03 0.43 0.00 0.49 
12 423 0-13 1.61E-01 1.5 0.00 0.87 
Thus, the middle period has to be modelled using pseudo kinetics described in Section 3.2.2 
to take the fast precipitation of the initial period into ccount. The initial fast kinetics would 
indicate that a mechanistic change has been occurring from the initial to middle period. 
Initially Rh would precipitate through homogeneous nucleation, followed by heterogeneous 
crystal growth, while towards the end of the precipitation extent Rh precipitation would be 
dominated by the cationic substitution reaction. These precipitation processes would 
certainly go through different precipitation mechanisms and possibly different orders of 
reaction. 
However, the reason for the initial fast kinetics rapidly decreasing is primarily due to the 
pseudo rate constant (k1 = CNa2s203 .k) rapidly decreasing. For the ionic precipitation system, 
significant thiosulfate degradation occurs (Section 6.2.1), mainly through reaction with acid 
within the first minute. In this case, this reduction in the aqueous thiosulfate ion was the 
more likely cause for this rapid decrease in the precipitation rate. Rh would continue to 
precipitate onto the elemental sulfur (via reaction 5.14), but it is expected that this 
heterogeneous reaction would be significantly slower than ionic precipitation and the overall 
rate constant would decrease. In the co-precipitation system, the CuS precipitates 
preferentially to thiosulfate degradation, but it too shows a large initial rate constant over 80 -
150 °C, which rapidly decreases after the first few minutes. In this case, Rh would continue 
to precipitate on the precipitated CuS and for similar reasons the rate constant would 
decrease. 
For the substitution reaction, where the thiosulfate ion is not present, the system still shows 
very fast initial precipitation and a rapid decrease. In this scenario, the surface area for 
precipitation would decrease with increased precipitation extent. The decrease in the 
measured rate constant could possibly be due to Rh passivating the CuS. This passivation 











Kinetics of individual systems 
Figure 6.14 shows that the data has to be modelled with pseudo kinetics to take the very 
different kinetic regimes into account, though an empirical log fit provides a reasonable fit for 
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Figure 6.13: First order model plot over the initial and middle precipitation regions of ionic and SUbstitution 
systems at 95°C; data approximating a straight line would follow first order kinetics; substitution showed initial 
fast first order kinetics, followed by slower pseudo first order kinetics, while ionic precipitation showed initially 
pseudo first order kinetics, followed by zero order kinetics (solids basis). 
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Figure 6.14: Initial and middle precipitation regions of ionic, substitution and co-precipitation systems at 95 DC, 
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6.6.2 Testing for first or second order pseudo kinetics of the middle period 
Modelling the kinetics after the initial precipitation period is performed by forcing the first 
sample of the middle period to effectively become the pseudo feed sample at pseudo time 
zero and recalculate model data according to the theory presented in Chapter 3. This 
provides the appropriate linear fit and required intercepts for the pseudo first order fit of the 
rate constant. This pseudo fit must not be confused with the pseudo first order rate constant 
caused by excess sulfide addition. Graphically, this is equivalent to shifting the first order 
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At 50°C long induction periods are noticed before precipitation occurs. The middle period is 
then modelled to pseudo first and second order kinetics to determine the more appropriate 
model. The data fit is provided in Table 6.15. The pseudo kinetics shifted the y-intercept 
towards the origin, as well as shifting the predicted model towards the measured data. 
T bl 6 a e .15: c f ompar son 0 pseudo fl rat and second order kl netes f or middle per lod 
y- y-
Test Temper Data inter- Slg.of Caeff. inter- Sig. of Caeff. 
# ature range Slope cept A Ofvar. Slope cept A of var. 
°c min k (min") petrA}) A2 k(mln") petrA}) A2 
Ionic - 1 at order Ionic - 2nd order 
1 50 12-30 2.08E-04 0.01 0.03 0.75 2.74E-06 0.01 0.03 0.75 
2 80 2-120 1.17E-03 0.07 0.03 0.65 1.41E-05 0.02 0.05 0.50 
3 95 2-120 1.53E-03 0.06 0.03 0.64 4.26E-05 0.03 0.03 0.65 
4A 150 2 -11 2.B4E-01 0.04 0.00 1.00 4.72E-D2 -0.02 0.01 0.90 
Substitution - 1 at order Substitution - 2rK1 order 
5b 50 30-180 1.12E-D3 0.03 0.05 0.78 1.08E-05 0.D1 0.01 0.82 
6b 80 5-180 1.79E-03 0.004 0.04 0.71 2.45E-05 0.01 0.03 0.72 
7b 95 2-120 2.10E-D3 0.05 0.00 0.87 3.56E-05 0.02 0.00 0.89 
8b 150 1-7 5.64E-01 0.10 0.01 0.99 1.36E-01 -0.06 0.04 0.93 
Co- recipitatlon - 1 at order Co-precipitation - 2nd order 
9A 50 14-180 5.51E-04 0.D1 0.00 0.89 5.91E-06 0.01 0.00 0.89 
10 80 1-120 2.14E-03 0.01 0.00 0.97 3.72E-05 0.02 0.00 0.96 
11& 
11A 95 1-60 2.66E-D3 0.11 0.01 0.49 6.06E-05 0.02 0.00 0.54 
12 150 1-6 2.36E-01 0.01 0.00 0.998 0.02528 0.06 0.01 0.990 
At atmospheric temperature, the first and second order models give a very similar fit of the 
data; thus the actual order of the reaction is uncertain. At elevated temperatures, the first 
order model provides a significantly better fit for the ionic and substitution reactions systems. 
This is illustrated in Figure 6.15. The pseudo first and second order calculated modelling 
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Figure 6.15: Comparison of the pseudo first and second order fits for elevated temperature, showing that first 
order model fitted the data of the ionic, substitution and co-precipitation systems. 
6.6.3 Predicting the overall rate constant using Arrhenius Law 
» Measuring E. for Initial period 
The preliminary testing in Section 6.1.1 shows that the initial precipitation rate is significantly 
faster for all three reaction systems. Because of thiosulfate degradation and possible CuS 
passivation, the initial rate constant is modelled to the Arrhenius relationship, assuming first 
order kinetics, where the initial thiosulfate concentration is known. The activation energy and 
frequency factor is determined separately over 50 - 95 °C and 95 - 150°C because of the 
possible mechanistic change from atmospheric to elevated temperature, which would change 
the activation energy. 












Kinetics of individual systems 
Table 6.16: Calculation of Initial rate constants assuming first order kinetics (solids 
basis) 
Ln Time [820 3"'1 or 
([Rh]/[Rh]o) (min) k measured [Cu8]o krxn 
(1 ) (2) (3)= (1) / (2) (4) (3)/(4)*1000 Ln(krxn) 
(mmol/l) 
1 0.09 1 0.093 49.2 1.9 0.64 
2 0.42 1 0.421 49.2 8.S 2.1S 
3 0.83 1 0.831 49.2 16.9 2.83 
4R 0.84 1 0.840 49.2 17.1 2.84 
Sb 0.00 1 0.002 SO.3 0.04 -3.18 
6b 0.01 1 0.01S SO.3 0.3 -1.23 
7b O.OS 1 0.046 48.4 0.9 -0.06 
8b 0.97 1 0.971 SO.3 19.3 2.96 
9 0.001 1 0.001 4S.7 0.02 -3.82 
9R 0.00 2 0.001 4S.7 0.01 -4.S1 
10 0.30 1 0.304 49.2 6.2 1.82 
11 0.41 1 0.409 4S.7 9.0 2.19 
12 1.1S 1 1.146 4S.7 2S.1 3.22 
The rate constant of the reaction is determined by dividing the overall measured constant by 
the initial thiosulfate concentration or initial CuS concentration, assuming it is constant over 
this short period. The Ea and ko are determined by plotting In(k) against 1fT in Figure 6.16. 
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Table 6.17: Determination of Arrhenius rate constants for the initial period over 50 -
95°C and 95 -150°C 
Co- Co-
Ionic Substitution precipitation Ionic Substitution ~ecipitation 
50- 95°C 95-150°C 
-EalA -5778 -8023 -18328 -31 -8662 -2916 
Ln(ko) 15.5 18.6 49.6 -0.1 20.4 7.0 
pettA}) 0.004 0.044 0.025 -- -- --
A2 1.000 0.995 0.950 -- -- --
Activation energy 
67 (EJ [kJ) 48 152 0 72 24 
Frequency factor 
measured (kol) 
5.45E+06 6.67E+01 3.65E+21 9.03E-01 7.20E+01 1.13E+03 [1/(min.gmol)] 
Frequency factor 
for the reaction 
ko = koll[Na2S20 3] 
9.76E+02 1.35E+03 [1/(min.gmol)] 3.09E+03 5.20E+00 1.46E+03 4.92E+02 
Table 6.17 shows that activation energy measured for the substitution system is the same for 
atmospheric and elevated temperature, indicating that a mechanistic change possibly does 
not occur i.e. the same reaction path is followed. For the ionic precipitation system, an Ea of 
zero for 95 to 150°C is measured because the initial rate constants are similar i.e. the initial 
rate constant is independent of temperature. As expected, the co-preCipitation system, the 
Ea for 95 to 150°C is significantly less than that of 50 - 95°C, somewhere in between the 
ionic and substitution systems. The straight line fits fir 50 - 95 °c are good to excellent and 
the Arrhenius equation is used to predict the rate constant of the reaction. Table 6.18 shows 
that the predicted and measured reaction rate constants are similar for the ionic and 
substitution system, while the co-preCipitation is not modelled accurately. 
As expected, the modelled data from 50 - 95°C does not predict the measured rate at 
elevated temperatures for the ionic and co-precipitation systems, as mechanistic changes 
are occurring, as the middle period rate constant is significantly smaller than the initial rate 
constant. However, the atmospheric temperature model did predict the initial rate constant at 
150°C for the substitution reaction system. This again implies that a mechanistic change 
does not occur from atmospheric to elevated temperatures in the substitution reaction. 
Table 6.18: Predicted overall initial reaction rate constant over the initial period for 50 
-95°C 
Predicted rate constant of reaction Measured rate constant of reaction 
Temperature [min·1] Imin-1] 
Co- Co-
K Ionic Substitution precipitation Ionic Substitution j!l'ec!Qjtation 
323 1.9 0.04 0.019 1.9 0.04 0.02 
353 8.7 0.33 2.1 8.5 0.29 6.2 
368 16.9 0.87 19.1 16.9 0.94 5.2 
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> Measuring E. for the middle period at atmospheric temperatures 
Table 6.19 provides the activation energy and apparent frequency factor for the middle 
period modelled by pseudo first order kinetics over 50 - 95°C and 95 and 150°C. Due to 
the initial thiosulfate degradation the thiosulfate concentration is not known (or the CuS 
surface area) and the actual frequency factor cannot be calculated. Table 6.20 shows that 
the measured and predicted rate constants are similar. Data is calculated in Appendix 
B.6.4. 
Table 6.19: Determination of Arrhenius rate constants for precipitation over the middle 
. df 50°C d °C perlo or -95 an 95 -150 
Co- Co-
Ionic Substitution precipitation Ionic Substitution precipitation 
50-95°C 95 -150°C 
-EaIR -5155 -1677 -4327 -17168 -15836 -12715 
Ln(ko) 7 -2 6 39 37 29 
p(t{R}) 0.063 0.030 0.111 - - -
R2 0.99 1.00 0.97 - - -
Activation energy 
(Ea) [kJ] 43 14 36 143 132 106 
Frequency factor 
measured (kol) 
[1/(min~moI)1 1.70E+03 2.02E-01 3.79E+02 9.85E+16 1.01 E+16 2.65E+12 
Table 6.20: Predicted and measured overall rate constant over the middle period for 
50-95°C 
Predicted rate constant of reaction Measured rate constant of reaction 
Temperature [min·'] [min·'] 
Co- Co-
K Ionic Substitution precipitation Ionic Substitution precipitation 
323 0.0002 0.0011 0.0006 0.0002 0.0011 0.0006 
353 0.0008 0.0018 0.0018 0.0007 0.0018 0.0021 
368 0.0014 0.0021 0.0030 0.0015 0.0021 0.0027 
The modelled data from 50 - 95°C does not predict the measured rate at elevated 
temperatures. This supports the fact that a mechanistic change occurs between atmospheric 
and elevated temperatures. 
6.6.4 Predicting the overall Cu rate constant using Arrhenius Law 
The same approach taken for modelling Rh is taken for Cu. First order rate constants for the 
initial period are calculated in Table 6.21. The constants of the straight line fits for the 
pseudo middle period are summarised in the Table 6.22. This shows that modelling the 
middle period to pseudo first order kinetics shifted the line to the origin. Cu precipitation also 
has an initial large rate constant, which rapidly decreases during the initial period. 
Temperature has a small effect on initial precipitation rate t;>etween 80 and 95°C. The initial 
precipitation rate almost doubles from 95 to 150°C. This data is not modelled very well by 
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temperature indicates that mechanistic changes are probably occurring as well. Detailed 
calculations are attached in Appendix B.6.4. 
"t bl 6 21 C I latl fthlit"1 t ta ts fC I ltati (solids basis) a e . acu ono e n la ra e cons n 0 u precipi on . . 
Ln Time kmeas. [820 3"'1 krxn 
([Rh]/[Rh1o) (min) (3)= (1) 1 or [Cu8]o 
(i) (2) (2) (4) (3)/(4)*1000 Ln(krxn) 
(mmoVI) 
9 0.000 1 0.000 45.7 0.0 -
9R 0.000 2 0.000 45.7 0.0 -
10 0.16 1 0.159 49.2 3.2 1.17 
11 0.15 1 0.154 45.7 3.4 1.22 
12 0.26 1 0.262 45.7 5.7 1.75 
Table 6.22: Cu co-precipitation pseudo first order kinetics of the middle period (solids 
basis) 
Co-precipitation 
Test no. Tempura- Coeff .of 
ture Data range Slope y-intercept variance 
/I °c Min K In(ko) p(t{R}) R2 
9R 50 14-60 6.04E-04 0.0006 0.05 0.60 
10 80 1 -120 8.11E-04 0.0008 0.04 0.94 
11 95 2-60 7.38E-04 0.0007 0.00 0.60 
12 150 2-20 2.95E-04 0.0003 0.01 0.59 
Table 6.23: Determination of Arrhenius rate constants for precipitation over the Initial 
per lod 
Cu Co-precipitation 
50-150°C 50- 95°C 95-150°C 
-Ea/R -7854 -16302 -1503 
Ln{ko) 18.5 43.2 2.2 
p(t{R}) 0.197 0.195 -
R2 0.645 0.909 -
Activation energy 
65 136 12 (Ea) [kJ] 
Frequency factor 
measured (1<01) 
1.04E+08 1.36E+02 [1/(min.gmol)] 1.25E+Ol 
Table 6.24: Predicted and measured overall Initial rate constant for 95 - 150°C 
Co-precipitation overall rate constant 
Temperature [min-1] 
Predicted Predicted 
K (50 -150°C) (95 -150 °C) Measured 
323 0.003 0.09 0.001 
353 0.023 0.13 0.16 
368 0.056 0.15 0.15 
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6.6.5 Kinetic model development 
The models are developed using the initial rate constants measured in section 6.6.3 for the 
initial period. In some cases this is slightly adjusted to fit the first few data pOints better (not 
just the initial point). This shifts the model of the middle period down if the initial rate is 
decreased. The delay period, ~, defining the start of the pseudo fist order middle period, is 
also adjusted slightly to shift the pseudo model into to the data, essentially allowing the 
modelling of the initial and middle period simultaneously. The adequacy of the modelling is 
determined visually. 
The models illustrate the initial and middle rate change, and the requirement for a pseudo 
modelling approach is summarised in Figure 6.17 and 6.18. The calculated data is 
presented in Appendix B.6. The pseudo first order modelling of the middle period provides 
an excellent fit of the data at 150 °C. Ideally, more samples are required over the initial 
period to improve the model. At 80 - 95 °C, the similar modelling exercise only approximates 
the data. The pseudo first order middle period over-predicts the precipitation extent after 120 
min towards the final period, where a slow approach to completion occurs. 
At atmospheric temperatures, the empirical logarithmic model fits the data better over all 
three precipitation periods by predicting fast, initial precipitation and a slow approach to 
completion (Figure 6.19). This empirical logarithmic model over-predicts Rh precipitation 
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Figure 6.17: Modelling the precipitation profile for the initial and middle period using pseudo first order kinetics at 
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Figure 6.18: Modelling the precipitation profile for the initial and middle period using pseudo first order kinetics 
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Figure 6.19b: Modelling the whole co-precipitation profile with an empirical logarithmic fit. 
A table of the logarithmic constants for all the profiles is provided in Appendix B.6.S. 
6.6.6 Prediction of the reaction rates from the models 
1000 
The calculated Rh precipitation rates are illustrated in Figure 6.20a-c. The data is attached 
in Appendix B.S. 
The Rh precipitation rate of the ionic and substitution reaction systems is fairly independent 
of temperature over the middle period. The rate of the co-precipitation system over the 
middle period increases with increasing temperature, but this dependence decreases with 
preCipitation extent (or time). The implication of this on the mechanistic changes or changes 
in the rate-controlling step is discussed in the sections to follow. The comparison on a time 
basis is actually performed at different Rh concentrations or preCipitation extents. 
Figures in Appendix B.S show the same comparisons as Fig. 6.20 on a concentration basis. 
The linear portions of the graphs indicate areas of (pseudo) first order kinetics, which 
highlights the change in order of reaction from one to zero due to passivation. Note that the 
rate is calculated from the empirical logarithmic fit for atmospheric temperatures and using 
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Figure 6.208: Comparison of calculated Rh precipitation rates for ionic reaction system Rh over the middle 
period over 50 -150°C, showing that the rate is fairly independent of temperature at atmospheric temperatures 
and increases significantly at 150°C; rates tend towards zero precipitation prior to completion, showing 
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Figure 6.20b: Comparison of calculated Rh precipitation rates for substitution reaction system Rh over the 
middle period over 50 -150°C, showing that the rate is fairly independent of temperature at atmospheric 
temperatures and increases significantly at 150°C; rates tend towards zero precipitation prior to completion, 
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Figure 6.20c: Comparison of calculated Rh precipitation rates for co-precipitation reaction system over 50 -150 
°c over the middle period, showing that at the rate increases with increasing temperature; though the rates 
converged with increasing precipitation. 
6.6.7 Passivation limiting the precipitation extent 
The pseudo first order models over-predict the precipitation extent over the final period at 
atmospheric temperature, probably due to surface passivation occurring. This is surprising, 
as the amount of sulfide or sulfur available in the solid phase approaches 37 times the 
stoichiometric Rh requirement. Empirical logarithmic models illustrated in fig. 6.19a and 
6.19b provide a good data fit over the whole precipitation profile, including the period of 
passivation possibly occurring over the final period. For the ionic precipitation system, Rh 
would passivate the elemental sulfur (Section 6.3.2), while for the substitution and co-
precipitation systems, Rh precipitation would passivate the CuS. 
However, at 150°C with the same excess sulfide addition, passivation does not limit the Rh 
precipitation in all three reaction systems. This is probably due to the significantly finer CuS 
or sulfur precipitate formed having a much greater surface area (Section 6.5.6). The greater 
Rh precipitation extent over the initial period also would have reduced the chance of 
passivation, as there is significantly less Rh to precipitate onto the elemental sulphur in ionic 
precipitation or CuS in substitution and co-preCipitation. 
The passivation phenomenon must be investigated further to determine whether CuS co-
precipitated at low temperatures, having been passivated with Rh precipitation, can 
precipitate additional Rh at elevated temperatures. This will determine whether elevated 
temperatures can drive the surface reaction further by forcing more Rh into the CuS 
microstructure or release more Cu from the mixed sulfides formed on the surface or whether 
passivation is primarily a function of the surface area of CuS available. 
6.6.8 Initial conditions affecting precipitation rate and overall extent 
The precipitation kinetics show that the bulk of Rh that does precipitate occurs during the 
initial period for all three systems. After the initial period, additional Rh precipitation is limited 
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In the co-precipitation system, the conditions of the initial period determine the ionic 
precipitation rate of: 
1. nucleation and crystal growth, 
2. relative precipitation rates of the competing Cu and Rh precipitation, and 
3. properties of the CuS formed, particularly surface area. 
A high initial precipitation rate reduces the amount of Rh that has to precipitate through the 
cationic substitution reactions, thereby reducing the chance of passivation occurring. The 
surface area of the CuS determines the amount of Rh precipitation possible via the cationic 
substitution path, thus CuS formed at high temperatures would also have less chance of 
complete passivation occurring. Hence the initial precipitation conditions have a direct impact 
on the CuS carrying capacity for Rh. 
6.6.9 Mechanistic changes 
Mechanistic changes would be expected to occur over the ionic and co-precipitation systems 
profiles with increasing preCipitation extent. Initially Rh would preCipitate through 
homogeneous nucleation, followed by heterogeneous crystal growth, while towards the end 
of the preCipitation extent Rh preCipitation would be dominated by the cationic substitution 
reaction, possibly stopping the Rh precipitation through passivation of the CuS surface. 
These precipitation processes would certainly go through different precipitation mechanisms 
and possibly a different order of reactions. 
The initial period of ionic and co-precipitation systems over 50 - 150 °C are probably 
chemical reaction controlled owing to the strong dependence of preCipitation rate and extent 
on temperature. The increasing CuS surface area is the reason for the increased extent and. 
rate increases significantly with increasing temperature of the substitution system. ; 
At 80 - 95 °C, the order of the reaction of the middle period is not certain. For the ionic and 
co-precipitation systems, a number of precipitating paths would be occurring simultaneously 
and cationic substitution would also be hindered by CuS passivation, thus complicating the 
model and the order of reaction. The measured data quality also would have contributed to 
this. At 50 - 95 °C, the near independence of preCipitation rate and temperature over the 
middle period indicates that the rate-controlling step possibly may change from chemical 
reaction to the diffusion of the Rh3+ across the boundary layer to the surface, which is less 
dependent on temperature. The mechanistic change is supported by the significant 
decrease in activation energy measured from the initial to the middle period, also indicating a 
change from chemical reaction to diffusion controlled. This is probably caused by the 
paSSivation of the surface area, forcing the rate-controlling step to switch from chemical 
reaction to mass transfer. 
At 150 °C, where paSSivation does not occur, all three systems are modelled extremely 
accurately with pseudo first order kinetics over the middle period and final period with R2 
between 0.95 - 0.999. At elevated temperatures, diffusion of Rh3+ across the boundary layer 
to the metal sulfide surface could become the rate-controlling step when the chemical 
reaction at the surface is very fast. The fact that this holds true for ionic and co-precipitation 
systems, as well as substitution reaction systems, supports the argument that the systems 
are being controlled by the same rate-controlling step, namely, the mass transfer of Rh3+ to 
the surface, which is a first order process. This is supported by a study of Ni and Cu co-
precipitation with sulfide, where the turbulent pipe reactor increases precipitation kinetics 
substantially above the agitated, batch reactor at the same operating temperature of 150 °C 
(Roy, 1961). Alternatively, the rate-controlling step from the initial to the middle period could 
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order owing to the large surface area for Rh precipitation effectively remaining constant, 
maintaining a constant over reaction constant. 
Specific mass transfer test work is thus required to verify mass transfer limitations over the 
crystal growth and cationic substitution reaction paths and quantify the increased 
precipitation extent possible with increasing turbulence. This should be performed 
independently on the initial and middle period, as well as the initial period over atmospheric 
and elevated temperatures at conditions where passivation will not occur. 
6.6.10 Summary of kinetic modelling 
Kinetic modelling bas been performed primarily to understand the mechanism of individual 
reaction systems, particularly the co-precipitation system, rather than to develop an accurate, 
predictive model. 
The kinetics suggests a mechanistic change occurs on each individual profile over the three 
periods. A mechanistic 'change would be expected as precipitation changes from ionic 
nucleation to heterogeneous crystal growth or cation exchange reactions. In addition, the 
drastic decrease in Rh precipitation rate from the initial period to the middle period is mainly 
caused by the overall pseudo rate constant decreasing rapidly with the consumption of 
thiosulfate in the ionic and co-precipitation systems and passivation of the CuS particles in 
the substitution system. Thus, pseudo kinetic conditions created by adding a large excess of 
sulfide described in Section 3.4 do not hold. 
The initial period requires additional data to improve the kinetic modelling, though the 
reaction rate constants are predicted from the initial rates. The middle period is partially 
modelled by pseudo first order kinetics for all three reaction systems at atmospheric 
temperatures, but over-predicts the removal towards the end, where passivation could be 
:r ~ring. Contrary to this, almost perfect pseudo first order kinetics is measured at 150°C, 
where passivation is not a concern due to the increased surface area of the finer CuS and 
the increased precipitation extent over the initial period. At atmospheric temperatures, the 
empirical logarithmic model provides an improved fit over the whole precipitation profile, 
predicting the fast initial precipitation and passivation. The overall pseudo rate constants are 
modelled to Arrhenius relationship, determining the activation energies and frequency factors 
for each reaction system. Predicted rate constants in most cases are reasonable. 
At elevated temperatures, the rate-controlling step is believed to be the diffusion of Rh3+ 
across the boundary layer to the metal sulfide surface when the chemical reaction at the 
surface is very fast. The fact that this holds true for ionic and co-precipitation systems, as 
well as substitution reaction systems, supports the argument that the systems are controlled 
by the same mass transfer rate-controlling step. This is supported by a study of Ni and Cu 
co-precipitation with sulfide, where the turbulent pipe reactor increases preCipitation kinetics 
substantially above the agitated, batch reactor at the same operating temperature of 150°C 
(Roy, 1961). 
Specific mass transfer test work is required to verify mass transfer limitations over the crystal 
growth and cationic substitution reaction paths and quantify the increased preCipitation extent 
possible with increasing turbulence, as alternative explanations supporting chemical reaction 
controlled remain feasible. This should be extended to atmospheric temperatures, looking at 
the initial and middle periods independently, preferably at conditions where passivation will 











7 COMPARATIVE KINETICS 
The study of the independent precipitation systems in Chapter 6 shows that Rh co-
precipitation with CuS can occur through ionic precipitation and cationic substitution reaction 
paths. Kinetic tests has been deSigned to compare the individual reaction paths of the 
independent, isolated systems in order to infer the dominant reaction path in the co-
precipitation system. Most importantly, the amount of sulfide addition in the form of 
thiosulfate or CuS was constant and in large excess above the Rh requirement. However, 
due to thiosulfate degradation into S, H2S or S03, this sulfide was lost from the liquid phase 
to the vapour space or precipitated as elemental sulfur. Thus, the test conditions are first 
evaluated to ensure constant conditions have been maintained. 
The comparison of the precipitation kinetics of the various reaction systems are compared 
visually, taking the error of analytical analysis into account. The comparison is repeated over 
the initial, middle and final periods using the fundamental first order models determined in the 
individual kinetic studies on the precipitation data summarised in Table 6.1 and Table 6.25. 
This section presents the validation of the comparison, description of the comparative 
statistical procedure and results, followed by the discussion of the relative kinetics at 50, 80, 
95 and 150 °C using the solid precipitation basis. The comparison is repeated for the 
solution basis. 
7.1 Evaluation of validity of comparison of reaction systems 
Table 7.1 compares the amount of Cu preCipitated in the ionic preparation reactions in 5a-8a 
(or mass CuS measured after the 'b' part) against Cu co-precipitated in 9-12 on a solid and 
solution basis. 
Table 7.1: c u preclpltat on compar son on term na sam . I I I 
Co-
Substitution Cu precipitated ~ec~itation 
Test # mmolll mmol/l Test # 
Solid Basis 
5b 19 26 9R 
6b 32 47 10 
7b 34 47 11R 
8b 43 51 12 
Solution Basis 
5b 44 43 9R 
6b 21 66 10 
7b 51 49 11R 
8b 47 43 12 
The comparison between Cu preCipitation in substitution and co-precipitation are similar, 
particularly taking the large excess into account. Except for #6 and #10 at 80 °C, the solution 
chemistry shows similar amounts of CuS formed. The solid analyses indicated that #6 and 









for substitution and co-precipitation at specific temperatures, thus Rh precipitation does not 
affect the Cu precipitation results. 
T bl 72 Rh I Itatl t . I a e . preclPI on compar son on ermlna samples . . 
Test # Rh precipitated Solid basis Test # 
mmol/l mmoVI 
5b 0.1 0.1 9R 
6b 0.3 0.4 10 
7b 0.4 0.4 11R 
8b 1.0 0.9 12 
Solution basis 
5b 0.2 0.0 9R 
6b 0.3 0.3 10 
7b 0.4 0.4 11R 
8b 0.9 0.9 12 
In addition, at 150 °C, complete Rh precipitation occurs on all three systems after 60 min. 
This indicates that sufficient excess sulfide has been added to all the tests, making the 
comparative kinetic study valid from a number of perspectives: 
1. Sufficient thiosulfate is added to overcome degradation in ionic precipitation. 
2. Sufficient thiosulfate is added to precipitate sufficient CuS to not be affected by 
passivation of the CuS surface with precipitated Rh. 
3. Thiosulfate degradation mainly forms elemental sulfur, which can also precipitate 
Rh, thus most of the sulfur is not lost from the system. 
Thus, sufficient excess sulfide has been added to the comparative kinetic tests, making the 
various reaction paths comparable at any particular temperature. 
The comparative study has been partially compromised by thiosulfate degradation due to Rh 
precipitation onto elemental sulfur (Barkan and Greiver, 1977a) being slower than the ionic 
precipitation with aqueous sulfide in this study. However, ionic precipitation remains the 
fastest precipitation system over 50 - 95 °C; thus, it has not compromised the relative 
comparison of the various paths. If thiosulfate degradation had not occurred, then even 
faster ionic precipitation would have been measured, probably similar to the initial 
precipitation rate. 
7.2 Discussion 
7.2.1 Comparative kinetics of reaction paths at 50°C 
Comparison of the precipitation extent against time for the three reaction systems at 50 °C is 
illustrated in Figure 7.1 a. Similarly, the comparison is made using the calculated -rRh against 
CRh and this illustration is attached in Figure 7.1b. This provides the reaction rate 
comparison at the same Rh concentration basis. 
The low temperature reduces the Cu and Rh precipitation rate significantly. Ionic Rh 
precipitation shows the fastest precipitation kinetics and highest precipitation extent. The 
substitution reaction path had almost no Rh precipitation over the first 20 min, which 









with 5% after 240 min. The differences between the precipitation profiles are significant for 
both the initial and final period. It is expected that co-precipitation would be faster than 
substitution due to the ionic precipitation component, but this does not occur using 9R results 
(solids basis). The profile of #9 using the solids basis provides the expected result of co-
precipitation being faster than substitution, but it is faster than the ionic precipitation as well. 
Additional test work is required to confirm comparative results at 50°C. 
As discussed in Section 6.5, the relative precipitation kinetics of Cu and Rh indicates that Rh 
precipitation at 50°C would predominantly occur through cationic substitution reaction paths 
(#9 and #9R), but passivation of the surface would limit the overall precipitation extent. 
This slow co-precipitation can possibly be explained through thiosulfate complexing (Van 
Hille et al., 2005) with Cu2+ in solution prior to precipitation at this low temperature, limiting 
both Cu and Rh ionic precipitation. However, this is unlikely at this systems pH. In addition, 
some sulfide precipitation potential is lost to gas phase through H2S and 502 / 503 formation 
and is lost from the system during sampling. This is supported by acid consumption over the 
first 10 min. . 
0.6 -y------------------------------, 
0.5 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -










0.0 ... -IfJ>-T-----.--....------,-----.--....----.,...--.-----r-----.---,...---I 
o 20 40 60 80 100 120 140 160 180 200 220 240 
TIme (min) 
D Rh ionic 500C 0 Rh sub 500C 6 Rh coppIn 500C -6-Cu coppin 500C 0 Rh copptn 500C repeal I 
Figure 7.1.8: Rh precipitation kinetic comparison for ionic, substitution and co-precipitation reaction paths at 50 
°c with 37 times excess thiosulfate addition than Rh requirement; ionic precipitation is faster than cationic 
substitution, while co-precipitation kinetics were uncertain; Rh and Cu co-precipitation both had 9 min induction 










2.0 , , , , , 
1'"' 
, , , , , , , , , IE 'r 1.0 
0.5 
" 








I-----~--~~--~----~----~-~-~=F====~~--~----~--~ 0.0 + 
50 55 60 65 70 75 80 85 90 95 100 
Calculated Rh concentration (mgll) 
--- #1lonlc50oC -#5b sub 50 oC 
Figure 7.1b: Comparative Rh precipitation kinetics ionic and substitution systems, calculated from an empirical 
logarithmic fit, against Rh precipitation extent, at 50°C, showing faster ionic precipitation rate at a particular 
precipitation extent; rate approached zero at approximately 75 mgll Rh. 
If #9 results are shown to be valid, the relative kinetics of the final period can be explained by 
the Rh precipitating predominantly through the ionic precipitation reaction path, as the overall 
precipitation extents are similar. However, the overall precipitation extent of #9R is similar to 
the substitution reaction system, indicating that in this scenario the predominant reaction 
path could be the substitution reaction. If both these results are valid, then this finding 
provides a possible technique to increase Rh precipitation selectivity at lower temperatures 
by controlling the reaction mechanism. Purposefully performing initial precipitation at low 
temperatures and increasing the temperature with increasing reaction time could possibly 
improve overall kinetics. 
7.2.2 Comparative kinetics of reaction paths at 80°C 
Comparison of the precipitation extent against time for the three reaction systems at 80 °C is 
illustrated in Figure 7.2a. Similarly, the comparison is made using the calculated -rRh against 
CRh and this illustration is attached in Figure 7.2b. Ionic precipitation system provides the 
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Figure 7.28: Rh precipitation kinetic comparison for Ionic, substitution and co-pf8Cipitation reaction paths at 80 
°C, with 37 times excess thiosulfate addition than Rh requirement; Rh ionic precipitation rate and extent was 
greatest, followed by co-precipitation and then sUbstitution reactions; after 120 min, ionic and co-precipitation rate 
and extent are similar; Rh precipitation is modelled with empirical logarithmic fit. 
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Figure 7.2b: Comparative Rh precipitation kinetics ionic, sUbstitution and co-precipitation systems, calculated 
from an empirical logarithmic fit, against Rh concentration, at 95°C, showing faster ionic precipitation rate at a 
particular precipitation extent; Rh precipitation stopped at 50, -40 and 34 mgll for substitution, co-precipitation 









The precipitation profiles show that over the initial 5 min, substitution is the slowest at -10% 
Rh precipitation, while -28% occurs in co-precipitation and 44% occurs through ionic 
precipitation. This falls within expectations, as some ionic precipitation would increase the 
co-precipitation rate. After 60 min, substitution and co-precipitation rate and extents are 
similar at 34% and 36%, respectively. This can be explained by the fact that once ionic Cu2+ 
precipitation is complete, thiosulfate would not be available for ionic Rh precipitation, but 
would continue precipitating through the cationic substitution. 
The relative rate of Cu and Rh precipitation in the co-precipitation indicates that ionic 
precipitation could occur up to approximately 120 min (Fig 6.7b in Section 6.5.2 and Figure 
B.5.3 in Appendix B.5). 
7.2.3 Comparative kinetics at 95°C 
Comparison of the three reaction paths at 95 °C is illustrated in Figure 7.3a and Figure 7.3b 
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Figure 7.38: Rh precipitation kinetic comparison for ionic, substitution and co-precipitation reaction paths at 95 
°c with 37 times excess thiosulfate addition than Rh requirement. Ionic precipitation rate and extent was greatest 
over the whole reaction period, followed by co-precipitation and cationic substitution; Rh precipitation is modelled 
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Figure 7.3b: Comparative Rh precipitation kinetics of ionic, substitution and co-precipitation systems, calculated 
from an empirical logarithmic fit, against Rh concentration, at 95°C, showing faster ionic precipitation rate at a 
particular precipitation extent; Rh precipitation stopped at 50, -40 and 34 mg/l for substitution, co-precipitation 
and ionic systems, respectively. 
The ionic precipitation system remains the fastest. Rh co-preCipitation is faster than 
substitution reaction over the whole period, probably due to ionic precipitation occurring. The 
relative rate of Cu and Rh precipitation in the co-preCipitation (Fig 7.3b) indicates that ionic 
precipitation could occur up to approximately 30 - 60 min. Thus, a significant amount of Rh 
precipitation would have to occur through the substitution reaction path. 
Thus, from the relative kinetics at atmospheric temperature, Rh co-precipitation occurs 
predominantly through ionic precipitation for the first -50% precipitation extent, while the 
remainder would occur through cationic substitution, but passivation limits this amount. 
7.2.4 Comparative kinetics at 150°C 
Comparison of the three reaction paths at 150 °C is illustrated in Figure 7.4a which shows 
that the three reaction systems give similar precipitation kinetics, particularly when taking the 
relative error on the solution assays into account. The empirical logarithmic fit is not as good 
as the pseudo first order model, thus the rate of Rh precipitation is calculated from: 
- r Rh = kmeasured CRh 
where kmeasured is used to fit the data over the middle period and CRh is calculated from the 
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Figure 7.48: Rh precipitation kinetic comparison for ionic, substitution and co-precipitation reaction paths at 150 
°c on solution basis, with 37 times excess thiosulfate addition than Rh requirement; initially, ionic precipitation is 
the slowest, a complete reversal from trends at atmospheric temperatures; sUbstitution and co-precipitation are 
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Figure 7.4b: Rh precipitation rate for the Ionic, substitution and co-precipitation systems, calculated from pseudo 
first order kinetic model of the middle period, against Rh precipitation extent, at 150°C, showing similar 
precipitation rates ionic and co-precipitation reaction systems, while substitution was surprisingly fastest; the 










The comparison of reaction rates of the three systems on a Rh concentration basis (Fig 7.4b) 
shows that the substitution reaction rate is the fastest, while the ionic and co-precipitation 
systems are similar. This is different to the findings at atmospheric temperatures. These 
switches can be explained through a number of possible reasons: 
1. At this high temperature with very fast Rh and Cu precipitation kinetics, there is 
insufficient seed for ionic precipitation and Rh precipitation is delayed by the induction 
period prior to the auto-catalytic effect, which would occur immediately after some Cu 
precipitation during co-precipitation, 
2. The rate-controlling step could switch to the release of sulfide from the thiosulfate, 
making cationic substitution relatively faster, as the CuS is immediately available for 
precipitation, 
3. Thiosulfate degradation to elemental S could occur faster than at atmospheric 
temperature, thus reducing the aqueous sulfide activity even faster, thereby reducing 
ionic precipitation rate; Rh would continue to precipitate onto the elemental S at a 
slower rate, 
4. The presence of Cu2+ in co-precipitation forces CuS precipitation prior to thiosulfate 
degradation, effectively reducing this degradation, explaining why co-precipitation is 
faster than ionic precipitation. 
This indicates that the comparative conditions of the various systems at 150 °C are possibly 
not ideal. At best, one could infer that the differences in their relative kinetics are negligible, 
particularly taking the analytical error into account. This would be expected as the measured 
rates at a particular Rh concentration are equal for the ionic and substitution reaction 
systems, thus the co-precipitation system would also be expected to be similar. 
The relative rate of Cu and Rh precipitation in the co-preCipitation indicates that ionic 
precipitation could occur up to approximately 4 - 5 min. Approximately 90% of the Rh has 
already precipitated after 5 min, thus ionic precipitation probably dominates. However, 
simultaneous Rh precipitation through the substitution reaction could have occurred, though 
it could be quantified with the data in this study. The final 10% of Rh precipitation would 
occur through the cationic substitution reaction. Additional sampling within the first minute 
could reduce this ionic precipitation estimate and mineralogy determining the Rh distribution 
in the CuS would quantify the amount of ionic precipitation. Studying the relative Rh 
distribution in CuS could possibly quantify relative amounts (Section 6.5.6). Mineralogy 
would also give a visual picture of the CuS carrying capacity for substituted and co-
precipitated material. 
7.2.5 Comparative kinetics using solution basis 
The analysis has been repeated on the solution basis. The results are presented in 
Appendix B.7. Generally, the comparative study produces similar results. However, at 80 
and 95 °C, the substitution and co-precipitation rates are similar towards the end of the 
precipitation at each temperature. It is likely that post-precipitation causes the similar 
precipitation extents. The comparison of all the final precipitation extents on measured 









7.3 Summary of comparative kinetics of individual systems 
1. At atmospheric temperatures, on the time and concentration basis, the substitution 
reaction is significantly slower than ionic precipitation in the absence of aqueous Cu2+ 
over 50 - 95°C. As expected, the co-precipitation rate is faster than the substitution rate 
due to the contribution of the faster ionic precipitation path. 
2. At the elevated temperature of 150°C, on the concentration basis and time basis, the 
rate of Rh precipitation for ionic and co-precipitation systems are similar, while 
substitution is the fastest. At best, one could infer that the small differences in the 
relative kinetics are negligible, particularly taking the overall analytical error into account. 
It is not possible to infer a dominant reaction path while aqueous sulfide is available 








Rh co-precipitation mechanism 
Chapter Eight 
8 RH CO-PRECIPITATION MECHANISM 
B.1 Mechanism 
The analysis of the available literature, thermodynamic modelling and comparative kinetic 
studies of the specific reactions systems, particularly the relative precipitation kinetics of Cu 
and Rh, suggests the following general, but simplified Rh and Cu sulphide co-precipitation 
mechanism: 
Cu2+ + S2032- + H20 ~ CuS + H2S04 
2Rh3+ + 3 s20l- + 3H20 ~ Rh2S3 + 3H2S04 
Cu2+ + (CuS)x.nH2S ~ (CuS)(x+l).(n-1)H2S + 2H+ 
Rh3+ + CuS.nH2S ~ CuRhS2.(n-1 )H2S + 2H+ + e-
2Rh3+ + CuS.nH2S ~ CuRh2S4.(n-3)H2S + 6H+ 







Initially, homogeneous reactions occurs prior to perceptible nucleation (1 and 2). Initially, 
homogeneous reactions occurs prior to perceptible nucleation, which is then followed by 
heterogeneous crystal growth (3) and co-precipitation (4), (auto-)catalysed by the presence of 
the precipitated metal sulfides. Rh3+ and Cu2+ compete for the available aqueous sulfide 
during ionic precipitation (1)(2)(3)(4). Selectivity of the aqueous sulfide is determined by the 
relative Rh and Cu precipitation rates of the individual paths, which are a function of ~G, 
temperature affecting precipitation kinetics (and to a much lesser extent ~G) and reacting ion 
activities. 
The mechanism of ionic precipitation with s20l-, through the formation of S2-, HS- and H2S, 
which is affected by the solution pH is not covered. A number of side reactions in Table 5.1 
are also possible, like formation of alternative Rh compounds and thiosulfate degradation 
reactions. 
At the relative concentrations in this study, the overall Cu2+ precipitation rate is significantly 
faster than Rh3+, consuming the available sulfide and reducing the amount of ionic Rh3+ 
precipitation possible. In the absence of Cu2+, on a comparative basis, the ionic Rh 
precipitation (2 and 3) is Significantly faster than cationic substitution (5). From this it is 
inferred that the co-precipitation system, during the period where aqueous sulfide and CuS is 
available, ionic Rh precipitation path (2 and 4) will dominate, until the ratio of aqueous sulfide 
to CuS is sufficiently decreased and Rh preCipitates predominantly through the 
heterogeneous cationic substitution reaction path (5), either taking Rh precipitation to 
completion or stopping the precipitation through the passivation of the CuS. It is speculated 








Rh co-precipitation mechanism 
before perceptible nucleation, where S-containing Cu complexes CuS, associates and 
amorphous clusters of CuS could be replaced by the Rh3+, compared to ionic co-precipitation 
forming CuRhS2. 
At 80 - 95 ac, at the relative concentrations of this study, Cu precipitation is 2 - 3 times 
faster than Rh on a relative basis, where the last 55 - 65 % of the Rh will have to precipitate 
via the cationic substitution reaction path, but passivation limits the overall precipitation 
extent, even at 37 times excess of the sulfide requirement of Rh. The presence of large 
amount of Cu2+ effectively decreases the rate and extent of Rh co-precipitation, because the 
substitution reaction path is significantly slower that ionic precipitation and passivation 
occurs. At 150 ac, Cu precipitation is only 30% faster than Rh, redUCing the amount of 
precipitation via the substitution path to 10 - 20 %, taking the Rh precipitation to completion. 
Thus, at 150 aC, aqueous Cu2+ has negligible impact on the Rh precipitation rate or extent. 
The bulk of Rh precipitation occurs during the initial period, hence the initial preCipitation 
conditions has a direct impact on the CuS carrying capacity and overall precipitation extent. 
It is speculated that the cationic substitution reaction could be an additional reaction path 
during the period before perceptible nucleation, where S-containing Cu complexes CuS, 
associates and amorphous clusters of CuS, where the Cu2+ would be replaced by the Rh3+, 
in comparison to ionic co-precipitation forming CuRhS2. This has not been considered in the 
co-precipitation literature reviewed. 
B.2 Mechanistic changes 
Mechanistic changes across the co-preCipitation systems are expected with increasing 
precipitation extent (1 )(2), progressing from primary nucleation to crystal growth (3) and co-
preCipitation of the mixed sulfides (4). The rate-determining step probably switches from 
chemical reaction to mass transfer, particularly at 150 aC. This is supported by the excellent 
pseudo first order kinetics over the middle period and final period (R2: 0.999 for ionic and 
substitution systems; 0.95 for co-precipitation). The fact that model holds true for ionic and 
co-precipitation systems, as well as substitution reaction systems (5), supports the argument 
that the systems are being controlled by the same rate-controlling step, namely, the mass 
transfer of Rh3+ to the surface, which is a first order process. This is supported by Roy's 
study of Ni and Cu co-precipitation at 150 aC, where the residence time of a turbulent pipe 
reactor required is 5 - 10 % of the 4-stage CSTR (Roy, 1961). At atmospheric temperatures, 
the near independence of preCipitation rate and temperature over the middle period could 
result from passivation. Thus, specific mass transfer test work is required to verify mass 
transfer limitations over the initial period and middle period separately over atmospheric and 
elevated temperatures. 
The passivation phenomenon must be investigated further to determine whether CuS co-
precipitated at low temperatures, having been 'paSSivated' with Rh preCipitation, can 
preCipitate additional Rh at elevated temperatures. This will determine whether temperatures 
can drive the surface reaction further by forCing more Rh into the CuS microstructure or 












The analysis of the available literature, thermodynamic modelling and comparative kinetic 
studies of the specific reactions systems, particularly the relative precipitation kinetics of Cu 
and Rh and kinetic modelling leads to the following conclusions: 
1. General mechanism 
This work identifies an alternative precipitation path in the mechanism of metal sulfide co-
precipitation. The heterogeneous cationic substitution reaction, with solubility differences 
providing the chemical driving force, must be considered when interpreting kinetics of co-
precipitation mechanisms, particularly when co-precipitating a more insoluble metal sulfide at 
a much lower concentration from more soluble metal sulfides at a much higher concentration. 
In the co-precipitation mechanism, both the thermodynamics and overall relative kinetics 
must be taken into account. The relative difference in the metal sulfide solubility products 
and the relative concentrations affect the overall precipitation rate, which affects the 
selectivity of competing precipitation paths. The thermodynamic driving force (~G) is the 
dominant effect on selectivity when the concentrations are similar. 
Temperature affects the mechanism by affecting the relative ionic metal sulfide precipitation 
rates of the competing metals. For this Rh co-precipitation system, with Rh3+ concentration 
two orders of magnitude lower than Cu2+, at 50 - 95°C, the presence of a large amount of 
aqueous Cu2+ effectively decreases the rate and extent of Rh co-precipitation, while at 150 
°c, Cu2+ has negligible impact. Increasing temperature increases the amount of primary 
nucleation of the CuS, thereby inc easing the active surface area available for precipitation 
through finer particle formation. This, in tum, increases the rate and extent of Rh 
precipitation, whether through catalysed crystal growth (ionic) or cationic substitution. The 
heterogeneous cationic substitution reaction is significantly slower than ionic precipitation (at 
50 - 95°C), thus the cationic substitution reaction path has the potential to slow down the 
overall Rh co-precipitation rate. Thus is the initial precipitation conditions that have the 
dominant effect on the overall Rh precipitation rate and extent. 
2. Kinetic modelling and mechanistic changes 
Kinetic modelling bas been performed primarily to understand the mechanism of individual 
reaction systems, particularly the co-precipitation system, rather than to develop an accurate, 
predictive model. 
Kinetic modelling shows three distinctive precipitation periods, namely, the initial period 
showing very fast precipitation, the middle period approximated by pseudo first order kinetics 
and a final period showing a slow approach to completion, limited by passivation of the active 
surface, for all three systems. At 50°C, an induction period precedes the initial period prior 
to perceptible nucleation. At atmospheric temperatures, the empirical logarithmic fit provides 









precipitation and final passivation. At elevated temperatures, the pseudo first order model 
provides an almost perfect fit over the middle period and final period. 
Mechanistic changes are expected across the co-precipitation systems with increasing 
precipitation extent, progressing from primary nucleation to additional ionic precipitation 
through sulfide crystal growth and co-precipitation of the mixed sulfides. The rate-
determining step probably switches from chemical reaction to mass transfer, particularly at 
150°C 
Due to thiosulfate degradation or CuS passivation, the activation energies and frequency 
factors are estimated from the initial rate constants for each reaction system. Ionic 
precipitation, substitution and co-precipitation reactions are measured with an activation 
energy of 48 kJ, 67kJ and 135 kJ, respectively, over 50 - 95°C and 0 kJ, 72 kJ and 38 kJ, 
respectively, over 95 - 150°C. Thus, from a kinetic perspective, for ionic precipitation, the 
temperature has a small effect on initial Rh precipitation rate from 95 to 150°C. The similar 
activation energies for the substitution reaction indicate that the reaction mechanism remains 
the same over 50 - 150 °C, while co-precipitation reaction mechanisms change to a relatively 
faster reaction path from 95°C to 150°C. 
From a modelling perspective, the fact that the pseudo model holds true for ionic and co-
precipitation systems, as well as substitution reaction systems, supports the argument that 
the systems are being controlled by the same rate-controlling step, namely, the mass transfer 
of Rh3+ to the surface, which is a first order process. This is supported by Roy's study of Ni 
and Cu co-precipitation at 150°C, where the residence time of a turbulent pipe reactor 
required is 5 -10 % of the 4-stage CSTR (Roy, 1961). 
3. Passivation 
The passivation phenomenon must be investigated further to determine whether true 
passivation is occurring or whether apparent passivation is a result of very slow kinetics. The 
pertinent question is whether CuS co-precipitated at lower temperatures, having been 
'passivated' with Rh precipitation, can precipitate additional Rh at elevated temperatures. 
This will determine whether temperatures can drive the surface reaction further by forcing 
more Rh into the CuS microstructure and / or release more Cu2+ from the mixed sulfides 
formed. 
4. Optimisation of the Rhodium Removal Process at RBMR 
Maximising the Rh precipitation extent in the Rhodium Removal Section in RBMR is 
paramount, but not at the expense of additional base metal precipitation. Optimisation study 
is required to improve Rh precipitation selectivity, maximising the ratio of Rh to Cu in the 
mixed sulfide precipitate, but not at the expense of overall Rh precipitation extent. Reducing 
the sulfide addition rate or operating at lower temperatures would come at a cost of slower 
precipitation kinetics. A minimum amount of CuS may be required to ensure sufficient 
surface area for the reaction, as passivation is occurring. This heterogeneous reaction path 
must be taken into consideration when developing or designing such removal processes. 
Knowledge of this rate-controlling step is critical for optimal design of a removal system and 
specific mass transfer investigations are required to quantify possible improved precipitation 
extent at more turbulent conditions. 
In the current atmospheric temperature plant, Rh precipitation extent could be improved by 
introducing mechanical activation of the CuS particle through particle breakage or attrition 









available CuS for Rh precipitation, reduce the fresh reagent addition and effectively improve 
the overall Rh selectivity. Multiple addition pOints for thiosulfate addition would increase Rh 
precipitation extent by promoting ionic precipitation during the initial nucleation period, where 
the bulk of the Rh precipitation occurs. 
Alternatively, this process will have to be developed and designed to operate at elevated 
temperatures to maximise Rh precipitation, which would occur through increased ionic 
precipitation over the initial period, followed by complete removal of Rh due to the increased 
surface area of precipitated CuS. Multiple reagent addition pOints and the recycling of 
precipitate and mechanical activation would increase selectivity by reducing fresh reagent 
addition requirements. 
Consideration should be given to precipitating the CuS at atmospheric temperatures to 
partially precipitate the Rh, followed by increasing the temperature to the optimum elevated 
temperature using a heat exchanger and turbulent pipe reactor. This is one method of 
avoiding possible localised reducing conditions when injecting the sulfide reducing reagent at 
elevated temperatures, which can cause stainless steel corrosion. This approach would 
probably come at the expense of Rh selectivity, as slightly more CuS would be required to 
ensure complete Rh precipitation, as less Rh will precipitate through the ionic precipitation 
path. Hence, more Rh would precipitate through the substitution reaction path, which is 



















The following recommendations are suggested to improve the experiments: 
1. Separate injection and sampling system to avoid contamination of first sample. 
Attempt to take more equal volumes of feed at temperature and inject more equal 
volumes of reagents and flush water to maintain the same feed basis. 
2. Ensure that greater precision is received from the assay laboratory. Ensure that 
effective total solution stream analysis occurs to overcome post precipitation 
phenomenon or take larger samples and perform the comparative kinetic study on the 
solids precipitation profiles. 
3. Allow initial CuS precipitation in part (a) of substitution reaction the same overall 
reaction time as the overall ionic precipitation reaction time at the same temperature, 
respectively and perform part (b) of the substitution reaction at the same base metal 
solution concentrations as co-precipitation. 
The following recommendations are suggested to confirm results: 
4. Repeat tests at SO °C, particularly the co-precipitation system. Perform more 
duplicate precipitation profiles and take more samples within the first minute at 
elevated temperatures. 
S. Perform cationic substitution reaction at sufficient background Cu2+ to saturate the 
CuS surface to ensure that no adsorbed H2S, HS- and S2- is present and increase the 
ratio of Rh3+ to CuS to increase the amount of Cu2+ being released. 
6. Monitor actual Cu2+ release during co-precipitation by starting with higher with higher 
Rh3+ concentrations. 
7. Perform mineralogical studies on precipitate of the three systems to determine the 
solid compounds and Rh distribution in the CuS for the cationic substitution and co-
precipitation using Scanning Electron Microscope with Energy Dispersive X-ray 
spectroscopy, Microprobe and X-ray Photon Spectroscopy. 
8. Confirm the passivation phenomenon in more detail by determining whether CuS co-
precipitated at low temperatures, having been 'passivated' with Rh precipitation, can 
precipitate additional Rh at elevated temperatures i.e. is passivation a function of CuS 
surface area alone or can elevated temperatures can drive the surface reaction 
further by forcing more Rh into the CuS microstructure or release more Cu2+ from the 
mixed sulfide compounds formed on the surface. 
The following recommendations are suggested for plant optimisation: 
9. Optimise the co-precipitation system operating at elevated temperatures by reducing 
the excess sulfide, but not at the expense of Rh precipitation extent and test the 









10. Confirm that the rate-controlling step at elevated temperatures over the initial and 
middle precipitation period is mass transfer for the three reaction systems and 
measure the possible increase in precipitation at turbulent pipe reactor conditions. 
Extend this test to atmospheric temperatures as well. 
11. Revisit co-precipitation studies like Co co-precipitation from Mn electrolytic feed and 
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Appendix A: Gibbs free energy 
APPENDIX A - THERMODYNAMIC CALCULATIONS 
A.1. Gibbs free energy of reaction 
Gibbs free energy of reaction (l1G) is calculated using the HSC Chemistry® program for the 
proposed process chemistry. The reactions considered are: 
» Ionic CuS precipitation 
» Ionic Rh precipitation without redox reactions 
» Ionic Rh precipitation with redox reactions 
» Rh3+ precipitation through cation substitution reaction with CuS and NiS 
» Rh3+ precipitation through cation substitution reaction with redox reactions 
» Rh3+ precipitation through cation substitution with base metal oxides or hydroxides 
» Ferric reduction with sulfide addition 
» Ferric reduction with metal sulfide solids/precipitate 
» Thiosulphate decomposition to Sulphur and H2S 
l1G provides a measure of the thermodynamic driving force for the chemical reaction. l1G values 
that are negative imply that the reactions proceed to the right, thus it is thermodynamically 
favourable. The large l1G implies that the reaction goes to completion i.e. it is irreversible. The 
larger driving force would possibly increase kinetics. 
All calculations are performed from 0 - 200 °C at 25 °C intervals for ionic precipitation and 
metathesis reactions. Values are calculated for s2ol- precipitating agents, and in some cases 
compared to S2- addition. HSC outputs a l1G value for the balanced reaction, thus the basis 
changes as the stOichiometry changes. l1G values have been re-calculated relative to an 
equivalent molar basis; thus the kJ/mol values in the last column are comparable. The K and log 
K values are calculated for the reaction stiochiometries as displayed in the reactions above the 
tables. 
The calculations need to be performed for the complexed ion, but these species are not 
available in the HSC Chemistry"" database. The negative l1G values are expected to be reduced 








Appendix A: Gibbs free energy 
1. Ionic CuS precipitation 
Q!I+2II! +!B2!(:!!J + H2O. Cui +!::K:!:!J + 804(-2a} !:!!I+2B1 + !!I:!!I_ Cui 
T - deltaS _0 K Log(K) deIIaG T - deltaS deItaG K Log(K) dtIIi8G c kJ JII( kJ kJImo1 !O!!I2+1 C kJ JII( kJ kJImoI~+1 0 -90 72 -110 8.88E+20 20.9 -110 0 -159 183 -204 9.71E+38 39.0 -204 
25 -fIT 48 -111 2.53E+19 19.4 -111 25 -156 178 -208 2.93E+38 36.5 -208 
50 -98 43 -112 1.2OE+18 18.1 -112 50 -149 198 -213 2.53E+34 34.4 -213 
75 -98 40 -113 8.84E+18 18.9 -113 75 -143 215 -218 5.07E+32 32.7 -218 
100 -100 38 -114 8.88E+15 15.9 -114 100 -139 235 -224 2.00E+31 31.3 -224 
125 -100 37 -115 1.15E+15 15.1 -115 125 -128 258 -230 1.39E+30 30.1 -230 
150 -100 38 -118 1.93E+14 14.3 -118 150 -119 278 -239 1.53E+29 29.2 -238 
175 -99 40 -117 3.99E+13 13.8 -117 175 -109 300 -244 2.51E+29 28.4 -244 
200 -fIT 44 -118 9.84E+12 13.0 -118 200 -98 325 -251 5.78E+27 27.8 -251 
Cu( .. 21) -- """, --_ ... --~.., --"""" --
2CuI+2!I + 1.21!2031-2!1 + 2.2iH2O = CU28 + 4.!H1+!1 + 1.18041-2111 
o -104 187 -149 3.48E+28 28.5 -75 
25 -122 102 -152 4.27E+28 28.8 -78 
50 -128 88 -154 9.00E+24 25.0 -n 
75 -130 n -158 2.97E+23 23.5 -78 
100 -133 fIT -158 1.42E+22 22.2 -78 
125 -132 71 -180 1.00E+21 21.0 -80 
150 -133 fIT -182 9.39E+19 20.0 -81 
175 -134 58 -183 1.13E+19 19.1 -82 
200 -133 88 -185 1.7OE+18 18.2 -83 




2. Ionic Rh precipitation without redox reactions 
2R!!I+3Ii1 + _:!!II + IH20 _1Ih2II3 + IIII~:!!II 
__ + 3814111_ A_ 
T _ d8iiIS K 
Log(K) deIIaG T - dtIIIlIS deItaG K Log(K) deItaG C kJ ~ !!oI !!oI!moI !l!!l3+1 Sl kJ JII( kJ kJImoI~1 0 -5OIl 515 -&17 5.13E+123 123.7 -323 0 -714 790 -830 8.74E+1n 1n.8 -485 
25 -647 370 -«;1 1.341:+115 115.1 -329 25 -720 788 -949 2.111:+188 188.3 -475 
50 -588 298 -885 3.741:+107 107.8 -333 50 -723 780 -988 3.48E+158 158.5 -75 -882 231 -872 8.84E+1oo 100.8 -336 75 -724 757 -9fIT 1.4OE+149 149.1 -100 -818 184 -8n 5.98E+84 84.8 -336 100 -724 758 -1008 7.38E+14O 140.9 -503 125 -842 111 -880 1.79E+88 99.3 -340 125 -725 754 -1028 3.17E+134 134.5 -813 
150 -588 31 -882 1.51E+B4 84.2 -341 150 -728 751 -1044 7.56E+128 128.9 -822 
175 -898 -$ -882 2.99E+78 78.5 -341 175 -728 748 -1083 7.43E+123 123.8 -831 
200 -728 -102 ;!II!! 1.22E+75 Z§.1 ~ is!!! -731 740 -1!!111 2.39E+119 119.4 -541 
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3. Ionic Rh precipitation with redox reactions 
2R!!I+3II1 + 1Il8203l_ + 3.IH20 - _ + 8 + ~ + 2I04(-a.) 
T - deiiaS deItaG K Log(K) e kJ ~ !!o! 0 -156 569 -308 1.2OE+69 59.1 
25 -204 387 -320 1.05E_ 58.0 
50 -231 302 -328 1.19EiQ 53.1 
75 -258 222 -335 1.77E+50 50.2 
100 -288 144 -339 3.32E+47 47.5 
125 -314 71 -342 7.73E+44 44.9 
150 -348 -7 -343 2.18E+42 42.3 
175 -380 -88 -342 8.87E+39 39.8 
200 --.16 -187 -339 2.42E+37 37.4 
-) ----.,) --"- --!2!:!1 EJL ....... "-
!!!!I4a! + 4.121!!203(4II1 + 4.121H2O - -.. + 1.28"1"" + 4.2!!!O4(=2!1 
T _ dtIitBS d8itiIG K Log(K) 
e !!o! .l'K !!o! 
o -701 785 -918 
25 -784 561 -881 
50 -798 451 -944 
75 -834 345 -854 
100 -871 241 -881 
125 -911 138 -988 
150 -953 38 -988 
175 -988 ~7 -988 
200 -1048 -171 -985 
...... ) ---) --~M) --.".., ........ -
f!!!(!:I!! + ':1!f:!!l- Rb + 1.1S 
T - - deIIaG e !!o! .l'K kJ 0 -226 411 -338 
25 -229 401 -349 
50 -230 397 -368 
75 -230 388 -389 
100 -230 397 -378 
125 -227 404 -388 
150 -226 403 -388 
175 -226 403 --.os 









































































2. .. -+!!!S!!I~ + 6H2O~lII7Rh + 1~ +2I041~ 
___ K 
LOii(K) 
K kJ o!D5 kJ 
273.15 -150 752 -36Ii 9._ 88.0 
298.15 -219 - -370 8.09E_ 84.8 323.15 -257 383 -381 3.85E+81 81.8 348.15 -298 287 -389 2.28E+69 58.4 
373.15 -337 154 -3Il4 1.53E+M 56.2 
388.15 -380 41 -387 1.09E+52 52.0 
423.15 -427 -72 -388 8.23E+49 48.9 
449.15 --.n -188 -393 6.42E+45 45.8 
473.15 -532 -308 -387 5.08E+42 42.7 
"""') ---.... --~ .. --21:!:1 --
9.378 14.m 29.784 10.755 
I!!!(+3!l + 1.!!!2!120!(=2!1 + 1.-ao - --- + UCI!H(t!I + 1.1~ 
o -178 278 -253 
25 -202 192 -259 
50 -215 149 -253 
75 -229 106 -288 
100 -243 87 -288 
125 -289 27 -270 
150 -275 -12 -270 
175 -292 -52 -289 
200 -311 -93 -297 









































4. Rh3+ precipitation through cation SUbstitution reaction with CuS and NiS 
3CuS + !!!I-I- Rh2S3 + :i:s-t2ll1 
T delIaH daItaG K log(K) deItaG 
3NIS + _1_1- :!!!I-t2II1 + Rh2S3 
T delIaH CIOii8S _G K Log(K) daltaG 
C kJ .In< kJ kJImoI !!!I3t) C kJ .In< kJ kJ I mol Rh 
0 -237 299 -318 7.37E+80 60.9 -159 0 -497 258 :&117 3.15E+108 106.5 -284 
25 -256 232 -325 8.34E+58 56.9 -162 25 -519 179 -573 2.25E+100 100.4 -286 
60 -275 171 -330 2. 14E+53 53.3 -185 60 -541 110 -678 1.48E+93 932 -286 
75 -295 111 -333 1.08E+50 50.0 -167 75 -564 42 -578 5.80E+86 86.8 -289 
100 -317 50 -335 9.18E+48 47.0 -168 100 -568 -Xl -578 9.60E+80 81.0 -289 
125 -341 -14 -335 U9E+44 44.1 -168 125 -616 -97 -5n 4.91E+75 75.7 -286 
150 -369 -62 -335 2.11E+41 41.3 -167 160 -646 -171 -574 6.41E+70 70.8 -287 
175 -401 -156 -332 4.73E+38 38.7 -168 175 -680 -260 -568 1.78E+68 682 -284 
200 -438 -234 -3Z1 126E+36 38.1 -163 200 -720 -335 -681 8.87E+81 61.9 -280 
""-
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5. Rh3+ precipitation through cation substitution reaction with redox reactions 
24Rhl+3a1 + 33CuS + 4H2O -1RII3S4 + 33CuI+2tl1 + l1li1"1 + !2!I-2a1 
T delIaH deltaS deIIaG K 
C kJ JIK kJ 
0 -2645 3907 -3712 1.000E+308 
25 -2913 2962 -3791 1.000E+308 
50 -3150 2198 -3861 1.000E+308 
75 -3403 1445 -3906 1.000E+308 
100 -3880 678 -3933 1.000E+308 
125 -3987 ·118 -3940 1.000E+308 
150 -4332 -957 ·3927 1.000E+308 
175 -4723 -1855 ·3892 1.000E+308 
200 -5170 ·2625 ·3833 1.000E+308 
... ..., -- ... ""- -- .,.." "M' --!!!1:t!!l ~
Rhl+3aj + 1.5CuS _ Rh + 1.5S + 1.!9!(+2a1 
T delIaH deltaS deltaG K 
C kJ JII( kJ 
0 13 158 -33 1.66E~ 
25 3 133 -36 2.24E~ 
50 -8 103 -39 2.16E~ 
75 -16 73 -41 1.52E~ 
100 -26 45 -43 9.98E+05 
125 ·36 20 -44 5.31E+05 
150 -49 -13 -44 2.50E+05 
175 -64 -48 -43 1.02E~ 
200 -& -86 -41 3.63E+04 
... ..., -- ... ""..., -- 473.15 
2RI!(+3a) + 4S + 4H20 = Rh2S3 + 8H(..-) + S04(-2II) 
T deliaH dellaS dellaG K 
C kJ JIK kJ 
o -331 536 -4n 
25 -387 335 -487 
50 -418 237 -494 
75 -449 143 -499 
100 -484 47 -501 
125 -526 -63 -501 
150 -585 -157 -499 
175 -608 -258 -493 














































3Cu2S + 2Rh1+3a1. IIII2S3 + I!:!!!"l 
T delIaH deltaS deltaG K Log(K) deltaG 
C kJ JIK kJ kJ I mol Rh 
0 58 643 ·117 2.60E+22 22.4 -59 
25 48 605 -133 1.86E+23 23.3 -66 
50 36 558 ·147 6.88E+23 23.8 -74 
75 21 524 ·161 1.49E+24 24.2 -81 
100 5 480 ·174 2.D4E+24 24.3 -87 
125 -26 399 ·184 1.ME+24 24.2 -92 
150 -48 345 ·194 8.07E+23 23.9 -97 
176 ·72 289 -202 3. 14E+23 23.5 -101 
200 -100 226 -206 9.32E+22 23.0 -104 
... ..., ... _-
"".., -- .,.." 
U47Rhlt3!l + U2CuS + 4H2O .I.547RhSO .... + 8.12Cu1+2a1 + _ .. I + S04(-2a1 
.. .., 
T delIaH deltaS deltaG K Log(K) deltaG 
C kJ JII( kJ kJ/moIRh 
o -551 1319 -911 1.70E+174 174.2 -139 
25 -657 941 -936 2.25E+164 164.4 -143 
50 -737 663 -958 8.29E+154 154.9 ·145 
75 -&1 433 -972 7.72E+145 145.9 -149 
100 -912 163 -960 1.55E+137 137.2 ·150 
125 ·1010 -73 -981 5.75E+128 126.8 -150 
150 -1119 -337 -978 3.34E+12O 120.5 ·149 
175 ·1239 -814 -964 2.63E+112 112.4 -147 
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6. Rh3+ precipitation through cation substitution with base metal oxides or 
hydroxides 
E!fO!:!,! + 2Rhl+3al = Rh203 + E!f+3al + !jl+lll 1.5CulO!;!! + 2Rhl~ = Rh~ + 1.5Cul+2al + 3t!:!:!l 
T delIaH deltaS deltaG K Log(K) deltaG T delIaH deltaS deItaG K Log(K) deltaG 
C kJ J/K kJ kJlmol Rh!3+1 C kJ J/K kJ kJlmol Rh!3+1 
0 92 390 -15 7.49E+02 2.9 -8 0 70 501 -67 7.05E+12 12.8 ·34 
25 72 323 ·24 1.56E+04 4.2 ·12 25 52 439 -79 6.72E+13 13.8 ·39 
50 53 259 ·31 1.11E+05 5.0 ·16 50 34 381 -89 2.59E+14 14.4 -45 
75 31 195 ·37 3.43E+05 5.5 -18 75 14 322 ·98 4.97E+14 14.7 -49 
100 8 131 -41 5.45E+05 5.7 -20 100 ·7 263 -105 5.43E+14 14.7 ·53 
125 -18 65 -43 4.98E+05 5.7 -22 125 -31 202 -111 3.73E+14 14.6 -56 
150 -48 ·3 -44 2.86E+05 5.5 ·22 150 -57 139 ·115 1.72E+14 14.2 -58 
175 -n ·74 -43 1.10E+05 5.0 ·22 175 ·86 73 ·118 5.66E+13 13.8 -59 
200 ·111 ·149 -40 2.93E+04 4.5 -20 200 -117 5 ·119 1.38E+13 13.1 -59 
11>(_ -- 300 11>(_ -- 300 - 473.15 CuI..., -- 473.15 ..... ..... S.1! Htttl ..... 473.15 
Fe203 + 2Rhl~ • Rh~ + 2F!l+3al 3CuO + 2A11l~ .. AII203 + 3Cu!+2al 
T deltaH deltaS deltaG K Log(K) deItaG T delIaH deltaS deHaG K Log(K) deltaG 
C kJ J/K kJ kJlmol Rh!3+1 C kJ J/K kJ kJlmol Rh!3+1 
0 31 139 -7 1.79E+Ol 1.3 -3 0 -31 353 -127 1.86E+24 24.3 ·63 
25 10 63 ·9 3.86E+Ol 1.6 ·5 25 -50 286 -135 4.23E+23 23.6 ·67 
50 ·11 -5 -10 3.81E+Ol 1.6 ·5 50 -88 226 ·141 6.81E+22 22.8 -71 
75 -34 ·73 -9 2.10E+Ol 1.3 -4 75 -88 167 ·146 8.53E+21 21.9 -73 
100 -59 ·142 -6 7.21E+OO 0.9 -3 100 -110 106 ·150 8.70E+2O 20.9 -75 
125 -87 -214 -2 1.67E+OO 0.2 ·1 125 -135 42 ·151 7.39E+19 19.9 ·76 
150 -118 -290 5 2.70E·Ol -0.6 2 150 ·163 -26 ·152 5.26E+18 18.7 -76 
175 -154 -372 13 3.16E-Q2 ·1.5 6 175 -194 ·99 -150 3.14E+17 17.5 -75 
200 -195 -481 23 2.70E-03 ·2.6 12 200 -231 -178 -147 1.56E+16 162 ·73 - -- 300 11>(_ -- 300 CuI..., 473.15 FoC_ 473.15 
3Cu2O + 2AIIl+3al- AII203 + ecu!+IIl 
T delIaH deltaS deltaG K Log(K) deltaG 
C kJ J/K kJ kJlmol Rh!3+1 
0 238 706 45 2.57E-09 ·8.6 22 
25 228 671 28 1.4OE-05 -4.9 14 
50 217 635 11 1.46E-Q2 ·1.8 6 
75 203 596 -4 4.02E+OO 0.6 -2 
100 188 554 -18 3.nE+02 2.6 -9 
125 171 509 -32 1.44E+04 4.2 ·16 
150 151 461 -44 2.56E+05 5.4 ·22 
175 129 409 ·55 2.39E+06 6.4 -27 
200 103 353 -64 1.24E+07 7.1 -32 








7. Ferric reduction with sulfide addition 
8F!I+3II1 + S293(-2a1 + 11120 • 8F!I+281 + 1!!!(+II1 + 2!!04(-2a1 
T delIaH deltaS deIIaG K Log(K) 
C kJ JlK kJ 
o -45 1132 -354 4.85E+67 67.7 
25 -83 983 -379 2.85E+66 66.4 
50 -90 970 -404 1.78E+85 85.2 
75 -98 952 -428 1.47E+84 84.2 
100 -101 939 -451 1.5OE+83 83.2 
125 -104 932 -475 1.89E+82 82.3 
150 -104 931 -498 2.95E+81 81.5 
175 -101 938 -521 5.77E+80 80.8 
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8F!!+3II1 + SI-2a1 + 41120 • 8F!!+281 + 8HI+III + $04(-281 
T delIaH deltaS deltaG K 
C kJ JIK kJ 
o -114 1224 -448 
25 -141 1128 -477 
50 -142 1124 -505 
75 -140 1127 -533 
100 -137 1137 -581 
125 -131 1151 -590 
150 -123 1171 -619 
175 -111 1198 -848 
200 -95 1233 -879 



































8. Ferric reduction with metal sulfide solids I precipitate 

























deltaS dellaG K Log(K) 
JlK kJ 
1081 -244 5.47E+48 48.7 
947 -288 1.05E+47 47.0 
927 -292 1.48E+47 47.2 
912 -315 1.70E+47 47.2 
901 -337 1.73E+47 47.2 
895 -380 1.85E+47 47.2 
983 -382 1.53E+47 47.2 
698 -405 1.45E+47 47.2 
909 -427 1.45E+47 47.2 












l1li283 + ~:!:!!I + 121120 • 2l1li1+3111 + 24E!1+281 + 2!!!1+111 + 3S04I-281 
T deliaH deltaS deltaG K Log(K) deltaG 
C kJ JIK kJ kJlmoi F!!3f.· 
0 372 2882 -415 2.22E+79 79.3 -17 
25 298 2809 -480 1.38E+84 84.1 -20 
50 298 2811 -545 1.5OE+98 98.2 -23 
75 303 2825 -811 4.58E+91 91.7 -25 
100 313 2854 -877 5.65E+94 94.8 -28 
125 331 2698 -744 3.7eE+97 97.8 -31 
150 357 2782 -812 1.1DE+1oo 1002 -34 
175 394 2848 -882 8.41E+102 102.8 -37 
200 448 2981 -955 2.42E+105 105.4 -40 
... ..., --- 413.t5 ""..., --- ... ....... --- 413.'5 .. .., -- 413.11 !O:M-I!! ........ - 413.t5 
9. Thlosulphate decomposition to Sulphur and H2S 
S203(-2a1 + H2O .. H2S(al + ~-2a1 3S203{-2a1 + H2SO4 .. 4S + H2O + 3S04f-2a1 
T delIaH deltaS deltaG K Log(K) deltaG T delIaH deltaS deltaG K Log(K) deltaG 
kJImoi kJImo1 
C kJ JIK kJ S20:!j2-1 c kJ JIK kJ 8203(2-1 
0 12 117 -20 5654 3.75E+00 -20 0 -248 -BO -226 2.05E+43 4.33E+01 -75 
25 4 88 -22 8884 3.B4E+00 -22 25 -255 -103 -224 2.05E+39 3.93E+01 -75 
50 3 83 -24 7650 3.88E+00 -24 50 -256 -106 -222 7.04E+35 3.56E+01 -74 
75 1 79 -26 8077 3.91E+00 -26 75 -256 -107 -219 7.47E+32 3.29E+01 -73 
100 0 75 -26 8211 3.91E+00 -26 100 -255 -104 -216 1.96E+30 3.03E+01 -72 
125 -1 72 -30 8116 3.91E+00 -30 125 -248 -86 -214 1.2OE+28 2.81E+01 -71 
150 -3 68 -32 7847 3.9OE+00 -32 150 -248 -84 -212 1.43E+26 2.82E+01 -71 
175 -4 85 -33 7449 3.87E+00 -33 175 -248 -82 -210 2.85E+24 2.45E+01 -70 
200 -B 82 -35 8959 3.B4E+00 -35 200 -248 -BO -206 8.7OE+22 2.29E+01 -89 
_20) _ ... - 473.15 "-020) -- 473.t5 --  ... - 473.15 1104(.20) -- _IS _ ... ... -- ....... ... .... -
10. Sulphur trioxide generation 
2!!!{+3e1 + 3S203(-2a1 .. Ah2S3 + 3S03(ai S03(al + H2O .. H2SO4 
T delIaH deltaS deltaG K Log(K) deItaG T deltaH deltaS deltaG K Log{K) 
kJImoi 
C kJ JIK kJ S20:!j2-1 c kJ JIK kJ 
0 124 1247 -217 2.83E+41 4.14E+01 -72 0 -137 -185 -86 3.35E+16 1.85E+01 
25 137 1294 -248 3.41E+43 4.35E+01 -83 25 -132 -170 -82 2.12E+14 1.43E+01 
50 142 1310 -281 2.7OE+45 4.54E+01 -84 50 -132 -189 -78 3.42E+12 1.25E+01 
75 145 1318 -314 1.26E+47 4.71E+01 -105 75 -132 -167 -73 1.01E+11 1.10E+01 
100 147 1323 -347 3.88E+48 4.88E+01 -116 100 -131 -188 -89 4.81E+09 9.88E+00 
125 149 1330 -380 7.35E+49 4.99E+01 -127 125 -131 -185 -85 3.39E+06 8.53E+00 
150 154 1341 -413 1.10E+51 5.10E+01 -138 150 -130 -164 ·61 3.31E+07 7.52E+00 
175 182 1380 ·447 1.34E+52 . 5.21 E+01 -149 175 -130 -183 -57 4.21E+06 6.82E+00 
200 178 1389 -482 1.46E+59 5.32E+01 -161 200 -129 -182 -53 8.70E+05 5.83E+00 











Appendix A.3: Equilibrium Composition Diagrams 
A.2. Eh-pH Diagrams 
At the base case of 95°C with Cu and S molality of 0.3 mol I kg (- 20 gil) and Rh molality of 
0.001 moll kg (- 100 mg/l), EH_pH diagrams are produced for all species in the HSC Chemistrt' 
program database and then deconstructed into dominant S-containing species, dominant Rh-
containing and Cu-containing species EH_pH in separate, less complicated diagrams. 
The effect of temperature on the EH_pH diagram is investigated by constructing combined 
diagrams for all species at 25 and 150°C, as well as separating the combined diagram into S-, 
Cu-, and Rh- containing species diagrams. 
The effect of varying molality of the S, Cu and Rh on EH_pH diagram is demonstrated on the 
base case at the following molalities: 
S: 0.001, 0.01 and 1 mol/kg 
Cu: 0.001, 0.01 and 1 mollkg 
Rh: 0.0001, 0.001 and 0.1 mollkg 
Selecting all species in the HSC Chemistrt' causes an anomaly in the EH_pH diagrams, where 
the stability of the sulphate ion causes Rh and Cu metal to be stable above the respective 
sulfides, which is not seen in practice. Selected diagrams have been reproduced without any 
sulphur with oxidation state above zero, and limiting the Rh sulfide species to Rh2Sa. 
Dashed blue lines indicate areas of dominant species in solution. The region of most concern is 
within the pH range of 0 - 3. 
The aquo or sulfato or chloro or aquo-hydroxo complexes are not in the HSC Chemistrt' 
database; thus the pure ionic form has been used. Rh complexing would increase the stability 








Appendix A.3: Equilibrium Composition Diagrams 
1. Additional base case selecting all species at 95°C 





































Figure A2.1: EH-pH diagram of S-Cu-Rh-H20 base case for all speciation at 95°C, only 
showing dominant Cu species; upon reducing the potential with sulfide-containing reducing 
agent, Cu2+ is reduced to metal, though in reality copper sulfide precipitate forms; at high 
































Appendix A.3: Equilibrium Composition Diagrams 


















Figure A2.2: EH_pH diagram of S-Cu-Rh-H20 base case system for all speciation at 95°C, 
only showing dominant S speciation; sulfide is only stable at high pH, thus in this acidic 
system most sulfide is protonated to HS- if the potential is low enough, otherwise it will 








Appendix A.3: Equilibrium Composition Diagrams 
2. Additional metastable Eh-pH diagrams 
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Figure A2.3: EH-pH diagram of S-Cu-Rh-H20 metastable system at 95 °C showing dominant 
5 speciation, particularly omitting species with sulphur of positive oxidation state and only 
including Rh2S3. Dashed lines indicate region of dominant ions in solution. Rh3+ ion is not 
shown to be stable, though in practice the ion complexation with water or sulphate 



















Appendix A.3: Equilibrium Composition Diagrams 






















Figure A2.4: EH_pH diagram of S-Cu-Rh-H20 metastable system combined for 25 and 150 
°C, showing effect of temperature on Cu speciation, particularly omitting species with 









Appendix A.3: Equilibrium Composition Diagrams 
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Figure A2.S: EH_pH diagram of S-Cu-Rh-H20 metastable system, particularly omitting 
species with sulphur of positive oxidation state, combined for 25 and 150 °C, showing 
















Appendix A.3: Equilibrium Composition Diagrams 
A.3. Equilibrium Composition Diagrams 








'-':::::::...~1.. __ ::iIlllllllll!!~§i:::::::::::::I:::::==±:::===J...~~:.L __ ~ 8203(-2a) 0.00 E; 
0.00 0.05 0.10 0.15 O.~ 0.25 O.~ 0.35 0.40 kmol 
Figure A3.1: Equilibrium composition with thiosulphate addition to 10 g/l Rh containing 20 gil 
Cu and 15 gil sulphuric acid at 95°C, showing equilibrium composition for case selecting 
. all species; high Rh concentration allows for Rh compound progression from metal through 
RhSo.889 and Rh3S4 to Rh2S3 is illustrated; Rh precipitation with sulfide is completely 








Appendix B. Results 
APPENDIX B - RESULTS 
8.1. Miscellaneous 
Molar Masses % Element In Cu sulphide compoun4 
Element and 
Compound Molar Mass %S %Cu 
gmol CuS 33.5 66.5 
Cu 63.546 Cu2S 20.1 79.9 
NI 58.693 
Fe 55.845 
Rh 102.91 % Element In Rh compounds 
pt 195.09 
Pd 106.4 %S %Rh 
S 32.06 Rh2S3 31.8 68.2 
Na 22.99 Rh(HS)3 47.6 50.9 
K 39.098 RhS2.3 41.7 58.3 
CuS 95.606 Rh3S4 29.3 70.7 
Cu2S 159.152 RhS1.875 36.9 63.1 




























Appendix B.2: Experimental Design 
B.2. Experimental Design Details 
Experimental Design - List of Tests 
V ... ..,I.. Rs1ge 
1 All corantndIon [mgn] 100 100 100 100 
2 Temperature [oC] 50 80 95 150 
3 AcId effec:t (WI] 15 15 15 15 (Original experimental design raduCed due to time and budget c:onstraints) 
4 RelICtion time [min] 1·300 1-300 1-300 1-300 
5CUSfonn ° -+ ° -+ ° -+ ° -+ 
CuS form CUS -: => added from preparation step => 
CuS +: => CuS Ion In situ => 
° G'I CuI(1I) 100 JII)II1 Rh(lII) 15 G'I H2SO4 and 14 G'I sodiwn thlosulDhate I I 
Mineralogy , sampj;'fF 
Test' Delcrllltlon TemD CuSform Rh TIIne DrOfile (actual samDles) samples minimwn XPS Comments 
AR quality synthetic solution; No Fe addition to avoid 
Feed Solution OWl Cu(II) 100 possIlIe post precipitation 
Prellmlrwy Testa: 
0-1 Scouting test for material generation 150 ppt in situ None 
0-2 Rh2S3 seed production 150 ° 200 mg/I Stiochlo 8(2-) addn; no seed, compare to co-pt'8Cipitatlon 
0-3 Produce PdS (or purchase) 85-95 ° loomWlPd None to measure elf8cl 01 CUS on Rh pptn rate KInetic Tests: 
Fmal sample total remaining, mass baI on final only for all 
1 Ionic Rh precipitation (seeded v.ith PdS) 50 ° loomWl 0, 1,2,6, 12.30,60, 120, 180,240,300 1 SEMEDX tests Seed to remove induction period and compare 
2 Ionic Rh precipitation (seeded v.ith PdS) 80 ° loomWl 0,1,2,5,10,30,60,120, 180,240 1 SEM EDX autocatyled Rh pptn to other 2 paths ; because fast CuS pptn can act as caIaIyst for Rh ionic 
3 Ionic Rh precipitation (seeded v.ith PdS) 95 ° loomg/l 0, 1,2,5, 10,30,60, 120, 180,240 1 SEMEDX llinescans 1 pptn (on CuS) 4 Ionic Rh precipitation (seeded v.ith PdS) 150 ° loomg/l 0,1,2,4,7,10,20,30,60 1 SEM EDX lllnescans 1 5 Subst~utlon reaction 50 added loomWl 0,1,2,5,10,30,60,90,120,180,240,290 3SEMEDX Inject Rh at temperature 
6 Substttuiion reaction 80 added loomg/l 0,1,2,5,10,30,60,90,120,180,240 3SEM EDX Inject Rh at temperature 
7 Substitution reaction 95 added loomWl 0, 1,2,5, 10, 30,60,90, 120, 180,225 3SEM EDX ll1nescans 1 Inject Rh at temperature 
8 Substitution reaction 150 added loomg/l 0, 1,2,4,7, 13,20,30,60 1 SEM EDX llinescans 1 Inject Rh at temperature 
9 Cu and Rh co-pptn in situ 50 ppt in situ loom9'l 0,1,2,5,10,30,60,90,120,180,240,300 3SEMEDX Slow CUS formation, thus Rh(lII) induction probable 
10 Cu and Rh co-pptn In situ 80 ppt In situ loomg/l 0, 1,2,5,10,30,60,90,120,180,240 3SEMEDX Fast CUS pptn, thus not Rh(lII) pptn Induction period 
11 Cu and Rh co-pptn in situ 95 ppt In situ loomg/l 0, 1,2,5, 10, 30, 50, 90, 120, 180,240 3SEM EDX llinescans 1 
12 Cu and Rh co-pptn in situ 150 ppt In situ loomWl 0, 1,2,3, 4,6,7, 10,20,30,60 1 SEMEDX llinescans 1 
Repeat testa: 
4R Ionic Rh precipitation (Not seeded) 150 ° loomWl 0,1,2,4,6,8,11,15,27 9R Cu and Rh co-pptn In situ 50 ppt In situ loomg/l 0, 1,2,5, 10,30,60,90, 120, 180,240 
llR Cu and Rh co-pptn in situ 95 ppt in situ loom9'l 
Additional testa: 
Substitution reaction at high Rh concn and Rh Attempt complete Cu(lI) dissolution ; indicate passivation 








Appendix B.2: Experimental Design 
est De " Sign De "I tal san de tat" oncen r Ions .. • • • • 11 • • 11 ISCOUIt"ll =- Rh Rh :"1onIc coprooIpit POld_ Rhlonlc ;-~~ Rh ionic Rh ionic Rh Rh ReKtlon type I dMCr1pUon ::"82 - :::""82 ppIn .... POI" CuS POI" -. ..... CuS POI" a.-• .-tan CuSpptn __ Ution CuSpptn a.-...... cow" COW" -- -- COW" --_82 e<c:ooa82- e<cooo82- __ 82- e<COOO 82- e<COII082- .... 82- .... 82- _82- _82- _82- oxceoo 82- _82- exc.sS2- _82- oxcooo 82- _ceuS2- __ 82- e< .... 82- excesaS2-• • • DMINd feed COl ....... ' 
II 11K 2l1li .00 
....,,'ngfi .... 1On ....,In ~ 
.oa a .oa '00 .oa Rh (ct.lrCl - no!: a::tUlli) - .00 .oa '00 •• a .00 '00 .oa '00 .oa .oa Cu ." 3 ~ ~ 0 ~ ~ 0 1~ 0 '::' 1:~ ~ ... 23 ~ ".23 ... 23 ... ~ ".23 0 ".23 .~~ NI ." : 0 ~ : 5.5: 5.51 5.5. 5.51 5.5: 0 5.5: F. ." 0 0 0 0 .~ ·1 .~ .: 0 0 0 0 H2SO4 0'1 : .5 .5 '5 '5 '5 • •• • • .~ .~ '5 '5 .: .5 .5 • 
~ 
." 0 
"~ .. ~ 0 .. : .. : 1.: 0 0 0 0 0 ." C '.0 '.0 ,~ ,'8; 1.( /c ,.~ ,~ o~ •. j '.0 ,':, ,'~ .. ( o~ .. 0." 0." 0. .. 0." O. 0." O. 0." 0." 0. .. O. O. O. O. 0." 0. .. O. O. 0." O. D ... 
Deaired make-up Votume L ... ... • ... ::; ;~ ~ ~ ... • ~ ~ ::: ~ ::: ::: ::: ~ I I ... I F ......" ... um.(duoto_oI.-... _ ... ) ... U ~~ :~ ~~ fa ~ 5 alum. before 1n;ect1On (operating votum. L ... 5. 5.0 5.( 5 .• 5.0 5. 5. 5.( 5:. s:o 5.C 5.C 5.0 5.( 5. 
o.irCi CuS concn (operating VOlume) ." ~ ~ ; 0 0 ; : 5 .: ~ : J i ..; II~ ..; • : II~ ..... .-(CUS) .. , .. g : : .. .:. -( II~ II Masseus_ .. g ...: .. : 5&j i ..! .:. 25 .:: a 
--j -j 
0 -, 
iou_h(iiQaI'=O/I_ ..:.: 51.. 5&' 51.. ..: .:: ,:: 5&. .:: 55.8 .:: .:;: 51. • .:: 55. _(PdS) mo ""'" II 25 II ..... non. ..... ..... non ..... non ..... r--tor-- ... .,..nty .~ ~~ 0.( g:~ 0.. .~: o.c . ~: '6. • .~: - g 0.0 0.0 0.0 Ie. o. .•. 0.( .•. .6. • 0.0 .•. .•. u sHochIo ~ 0.( 0.0 0 .• 0.0 3. 0.0 3.2 0.( a2 ~:~ il .::; a2 g: ~; 3 ~:-- 12- 0.( 0:0 0.0 ~: o.~ 0.0 65. 0 .• 65. O. 65. '::i ~c .::: .::: .::: '::i 65. 51120 • :: ::: o. ~:~ O.C ~:~ 0.0 293- 0.0 293. 0.( 293- g:. ""'::: ~: 0.0 293. ~S04.7H20 • ,~: t~ 0.0; ,,:"; ,~ 0.0; '39. O. '38. 0.( '~cii ,~ o~ .~ .!Ii' .~ 0.( .~o: '38. ~ g ; o:a. O. O. o. ~.~ ~:! ~.~ ~~ ~: .. .~::;; ~:Oi 0.00 g::, ~oo f~ f; S04 • f:: .~:~ ~: 0.00 I~:~ .~:~ .~:':: .~:~ O.OC f~ .~:~ ~:7< .~:~ 0.00 o . g:oo K2S04 g 99 11.70 11.10 11.71: 11.71: 11. .~:7ii 11. 11.70 11.10 • 1.7ii 11.10 11.70 11.71: F---- g .~ 0.0 ~! 0.0 0.0 ~:; 0.( .e. 0.0 '6.' g:: .e. g:: .~: g:: . ~: .6. • .6.. .~: 0.( '6.1 .6. stiochk) In solids ." 0.0 0.0 0.0 0.0 3. 0.( 3.l 3.3 3.3 3.3 0.0 ~:: 3. ~ :: a. 0.( 0.0 0.0 g~ g:~ ~:: 65. 0.0 .::i ~.( 65. ~: ':i ~: 65.' 65.9 65.' '::: 0.0 .::; 65. • ~ 0.0 0.0 0.0 282. 0.0 ~:: 282.3 ~i 282.3 .... 3 282.3 0.0 282. ~~ • 0.0 0.0 0.0 0.( O. 0.( '34. 0.0 ''''':: 'f; )~~o .~ .~ 134.5 '34.5 .~~ 0.0 .~ 'rcii g : ~ 0.00 0.00 0.00 ~:~ ~:~ ;:; 0.", 0.00 o.~ ;; o. ~: 0.00 0.00 0.00 Na2S04 g ~:~ 0.00 0.00 0.00 ~~. ~~ ~~ o. g:o. ~:iii g:iii 0.00 0.00 o:iii 0.00 ~:~ ~~ K2S04 • ; ~ ~~. :; ~:,: ~:,: 22.51 ~5' ~5' ~5' 22:'" ":t; 22~ ":t: "::~ ~5' ~ ~:.; "::~ Na2S203.5H20 for CuS • .~ .~ ~ 0-:, ~ ~ .J ILl ~~ ~~.5H20'''' Rh2(S04)3 :- :: saO: 3.5. ~e; '.71 '.71 7~ 0.001 7~ -j ,~ 67~ 7'; 7~ .:7i ;:-ii S203.5H20 mass addn 3.513 '.75 '.75 '.75 "751 67,~ O'OOC 67~ 0.00( 67'3., • 7ia; o.~ 67. 67,3. • '.757 .7 .• 67.301 =:51120'''-''''''" WI'- ::~ 0.10 3.65 0.35 D- o O. g~ 0.( O. 13.-161 13.5 67,3.! 0.' 13,461 .3.' .5H20ac:ttal .,,- 0.10 3.65 '3.5 ,3.$ '3.5 '3.5 '3.5 '3.$ 0.0 13.$ 0.0 '~~ E 13.5 '3.' '3.5 '3.5 '3.5 ''';.~ '3.5 Na2S203.SH20 Ktual add.t • ":a: :: ~ ~ 67.3 ~ ~ ~ ; .~ ;; .~~ ~ ~ ~ ~ ... ~ 6~ .~ .~ r==r:' WI 500 500 rnL ~ O. .~ 0.0 0.0 .O~ O.C 131.1 .o~ 131.1 .':;: 13!~ .~ 1~1~ ~: '3.~ 131.1 13~1~ .~ .... 0.0 '3.'';: '~';' ~~.r ____ .150mL+""oI~ mL .: ., :: :: ~ ~ : :' !a. !o; ~ !O. !o :: !o; !O • 
IAh- WI :: :~ :~ .0 :~ • I[ :: .0 I[ 1( g " :: :: :: .0 :~ • I[ :~ 1( Rh Slock H2SO4 ... .0 • '0 " 1( 1( ~:: .0 ~:: .0 " Rh mMiI per t_ (feed volume) • D.2! !.~ .. ~ ~:::' ~:::' g:: ~:: ~.~ ~:, ~:~ ~: g:: g:!: ~:!: ~::' g~ g:::, ~:: ~: = per teet (t-O jopera;lng volume) • ~: !::' ~:; o. S04)3 (_volume) • '00 ~:~ 2.3. 2.3' 2.3' 2.3. ~: ;:~ 2.3. o. 2.3' g:: 2.31 2.31 2.3. 2.31 2.3. 2.31 2.31 2.3' fonned(mu) g 
~ .~i:o 
2.93 1.41 1.41 1.41 1.41 0:", °o~ 1.41 0.0.( ~,' ~.~ ~(. 1.41 1.41 1.41 1.41 1.41 1.41 ~~ume Rh IIOck soIn required rnL ,:.~ 52.0 ::~ ::~ 52.0 O. 52.0 52.( O.C 52.0 52.0 52 . 52.0 52. 52.! ~ume Rh stock _n __ at (actual) mL . ~i1 ,00.0 540 540 0.0 540 0.0 50.0 ~.~ 50.0 ~.~ 50~ 50.0 540 540 540 50.0 50.0 540 actual ,.... add.t g ~O~ '.0 '.0 0.5 "ii D. 0: 0.( 0: 0.: -~ 0., "ii 0: ",;,5 0: ",;, 0: ... o~ ~ -::, =rom Rh stock - ~: ~~ .. : 0.':' 0." ." II o.Ii ~.o; !." ~." ~:.; Cl:,.oi ~ ... ~~ .... 1. .. .... .... .... !." . ... •. 0: ~ ... Extra add required g ~ 611.1 ~~3 74.1 ~-.: ~!.. i"41 ~ 79.' ~~1 ~~. 79. ~~ ~~ ~~. 74.1 i-..' ~~ ~~. ~~1 ~ " ... c:oncTlE 0'1 ~~ O.-'l t; 0.00 2.~~ i~ ~~ 2." final cone TIE 0'1 o. '.00 '.00 !:~ !:~ !.~ ~: ~:: !.~ ~~ .. !~ ~~ ;:~ ~ '.00 ;:~ '.00 .... ~:~ :~~~.!'~-inRh~ ." ... ~:iii ::: ~:: ~ 0.21 0." 0.21 !~ 5. ~:~ 5.21 0.21 5.2 .... 4.41 4.4. Diii •• .... 4.41 4.41 4.41 4.4. 4.41 .. .. 4.41 4.41 .... 








Appendix B.2: Experimental Design 
Actual Conditions and Concentrations of Executed Test Runs 
-typo,-....,. 
T oC -DIal ma.....,vollJ'n8 
VoILm •• t=O 
VoIl.me injected mL 
Vol ..... .., stock _ pIpeltod (actUll) mL 
Food vol ..... afterlnjoction boforo L 
-- % purity --CuS04.5H20 added to m.~ voII.m8 NIS04 acII:*t to make-C4) vollJ'n8 
FoS04 oddod to_vol ..... 
K2S04 added to rnn.up voh..". 
Na2S2OG.5H20 IddOd II t-o 
H2S04toml~ .., 
Acid In.., 

















Flnalfl .... _ mWi 
1 4 511 5b 8a 6b 7. 1b sa., 9R 10 11 11 12 
.., Ionic .., Ionic .., Ionic .., Ionic .., ionic .., .., .., .., 
pptn pptn pptn pptn "'*' CuS "'*' _ CuS "'*' _ CuS "'*' &AIeIa.- CuS "'*' &AIeI".- co-ppIn co-ppIn co-ppIn co-pptn co-",*, co-ppIn 








B.3. Solid and Solution Assays 
1. Solids Assays 
Solids AJUIAV list with and rAI~'lt AnAlv.'Act 
mineralogy & mass bel 
mineralogy & mass baJ 
mineralogy & mass balance 
mineralogy & mass balance 
& mass baiance 
_ Insufficient aoIld mass for analy~s 
I~<; i!;":""!i':;g;:'l.'{'::i"'\' ;~:; - analysis cI~ lor reaaons _ad In ·Comments· column. 
stats cO statistical outlier mlnartogy _> CuS shown In previous test 'M)fk. for similar conditions 
mass balance -> disregarding value Improves overall mau balance and accountability; sum of aaaaya closer to 100% 








Appendix B.2: Assays 
Solids assay finalised values used In study 
Testing Cu outliers for significance for exclusion In finaliseclilst above 
X, X, 
64.3 ~:~;i:~~1~;%1f:~~;:~:!~!~:~~tf.~ 5.65 0.00 





Average X. 63.1 43.0 62.9 0.95 
n, 2 1 69.2 52.95 
lit 1.697 62.1 0.03 
S 1.697 59.0 8.54 
t 9.671 58.8 9.75 
DOF 1 58.3 13.13 
Significance 93.44 two-sided 64.3 5.65 
95% confidence limits 2.35 
Significance 118.7 oRlHk\ecl Average X. 61.9 48.5 





Slanlflcance 99.94 two-sided 
95% confidence limits 1.78 
Slanlflcance 100.0 one-sided 
90% confidence limits 1.48 
Testing Sulphur outliers for Significance for exclusion 
X, X2 J(X,·X, .... l' (X2-X2 .. ,,) X, X2 J(X,.X,....,.)< (X2-X2....,.) 






Average XI 94.4 79.1 Average X. 94.9 80.6 
n, 5 1 n, 2 1 
lit 2.765 lit 0.007 
S 2.765 S 0.007 
t 5.052 t 1650.644 
DOF 4 DOF 1 
Slllnlficance 99.28 two-sided Sianlficance 99.96 two-sided 
95% confidence limits 2.42 95% confidence limits 0.01 
Significance 119.11 one-8ICI8CI Significance 100.0 one-sided 








Appendix B.2: Assays 
Finalised solids assay summary list 
ISOlld 
Sample # Cu Ni S Na K Rh Sum Comment 
(%) (%) (%) (%) (%) (Ok) (%) 
Rhll307111300152 avg 
, 
aUf .. ·0.05 94.8 NR NR 1.27 96 
Rhll207121240152 avg 0.19 NR 94.9 0.32 0.03 3.16 99 
Rhlll07131 240151 avg 2.34 NR 91.8 NR NR 3.97 98 
RhI210714160151 N.R. N.R. N.R. N.R. N.R. N.R. 
RhllS08/ 4R151 NR NR 95.2 NR NR 2.18 97 
RhI2806ISbf TO/51 i.s. NR 25.8 NR NR 0.01 26 
RhlSbl29OI52 avg 39.0 NR 25.6 NR NR 0.41 65 
Rhl0307/6bfT0/51 avg 64.3 NR 28.1 NR NR 0.($ 92 
Rhl6bl240152 avg 61.9 NR 27.S NR NR 0.94 90 
Rhl2306I7bI tOI5 NR NR NR NR NR 0.03 Rh avg of Sb and 6b t=O 
Rhl7b/22515 avg 64.2 NR 28.7 0.01 0.02 1.25 94 
Rhl190718b1 0151 58.6 0.05 34.0 NR NR 0.03 93 Assume 8b final Cu ; Rh avg Sb& 6b 
RhI8bI6OI52 avg S8.6 ·O.D5. 34.0 NR 0.01 2.21 95 
RhIW 300152 avg 62.9 0.08 30.6 NR NR 0.81 94 
RhllS08/ 9R/52 avg 69.2 NR 26.7 NR NR 0.21 96 
Rhl101240152 avg 60.6 0.07 32.2 NR 0.03 0.83 94 
RhlI11/240152 avg S8.6 0.07 31.S 0.22 0.02 1.05 91 
Rhl11R/2401 51 avg 64.6 0.05 31.0 NR NR 0.90 97 
Rhl12!6015 avg 64.3. 
~'<thir,ue 








2. Solution Assays 
Solution assa 
RhIO-11 no .-nptea 
FIIIO-3Ino8Mtples 
Ahl1307/1/01L1 
FlV'I307/1/ 0IL1 ...... '
AhiI307/l1 0IL1 aVQ 
AhlI307/1/1/1.2 
AhlI30111/11L2 MP 






















Ahl121J7121 0IL1 rig 
AhiI207i2f11L2 
Ah/1207/2f 11\.2 rep 





FWI207121 M.4 ....... 
FW120712JISIlAriO 
AhiI20712J torus 








AhlI207/2J 1201L9 rep 
Rt/1Z1712J 1201L8_0 
Rt/1Z1712J 1801L10 
PNI207121 1801L10 ~.t 
Rt/121J7/2/ 1801L10 rig 
Ah/1Z171212«IfL11 
AhlI2071212«IfL11 rep 
























Rhl2101141 WL1 ,..,... 











Rhf2107/41 lOlLS ,.., 













































































12.1 PI*'1lPIn ignOr ...... 1 readt 
19.04.5 
11.1 









63 .• .... 















80. .... ... 
".8 
44.40.6 .. ... .... .... 
























Appendix B.2: Assays 
Cu Nl No R Comments OR Stanclord _ion 
min m m m onRhusa 
'329' 5929 '6.1 24 










6'66 19.0 2 




NR '6.4 .2 
'6. 11 
NR '6.8 11 
NR '6.2 .2 
NR 16.2 .2 
NR 16.2 .2 
NR .6.2 .2 
NR .6.4 .0 
NR '6.6 .0 
NR '6.6 '0 
NR '6.4 '0 
NR .6. '0 .6.2 11 
.6. 
NR '6.5 11 
'4. 11 
11 





81.4 NIl '5. 
88. NA 16.6 NIl 
88.4 NIl '5.5 NR 
90. NA .5.3 NR 
90.6 NR '5.3 NR 
NA 16.1 NR 
NR 16.1 NR 
NR .5.2 NA 
NR '5.2 NA 
NR '6.6 NR 
'5. 
NR '6. NA 
NIl .5.6 NR 
15.1 
NIl 16.7 NR 
NR '6.8 5 






11 NR '6.1 
11 NR '6.6 
11 '6.8 
11 NR .6. 
11 NA 11.1 
.2 11." 







'901I8bI In.. 16. NR '2 
.901I8bI0IL. "'I> 16. NIl 
'901I8bI In.' avg 16.. NA .2 
Rh _mate .n. injection ~.O, 
'901/IIIIIM.2 • 96.3 NR 18." .3 • 901/II1II211.3 '6. 
'901I11III211.3"'1> 
• 901I8bI 211.3 avg NA NR '5. NA 
'901/II1II <IL4 NIl NA '6.2 NR 
'901/II1II1/1..6 '6.6 NR 
'901/II1II1/1..6 rep 16.6 NR 
.901/II1II1/1..6 avg NR NR '6.6 NR 
.901/11111.M-6 NR NIl '6. NR 
.901/111112M.1 NR NA .6.6 NA 
'901/8bI3M.8 NR NR '6. NR 
.901/111116M.9 11. NR .1 .2 
'9011111116OiL9 rep .6.3 




















t07/UAI 12OA.B .. 








































ocaun!.d on random eIementa performed In clupliclta on the .-ne .".pIe .,the ..me lime 
.,. ~ toconftnn ........ 1MIpIe.1UIIyMd.1ong peItod '-* 
ave,. ot SMlple. _and ..... .. 








Appendix B.2: Assays 
Feed 80 ut on assay summary II st 
Sample I Time Cu Ni H2SO4 Na K Rh 
min rililllf riiG'II (gil) mgll: mglll mglll 
~1c.1 CaIcuIaI1ld feed concentratlo ... (after.-gent InJection (thloaulphate O.'Rtt(lII), ~ _ctlon) 
92.6 11-114 1-<1 0 0 14.4 2264 ge3 
ISa 1=0 13216 5118 13.4 2183 929 0.0 
ilia 1=0 13312 5158 13.5 2199 938 0.0 
17a 1=0 13217 5119 13.4 2183 929 0.0 
ISa 1=0 13216 5118 13.9 2183 929 0.0 
II5b 1=0 0 0 15.1 0 971 93.3 
I6b 1=0 0 0 14.5 0 971 93.4 
17b 1=0 0 0 14.0 0 938 90.0 
I6b 1=0 0 0 14.4 0 962 92.5 
19 1=0 13217 5119 13.9 2099 929 89.3 
I9R 1=0 14238 5513 15.0 2281 1001 96.2 
110 1-<1 13223 5121 13.9 2100 929 89.4 
111 1=0 13217 5119 13.9 2099 929 89. 
111R 1=0 13217 5119 13.9 2099 929 ~:~ 112 t-o 13217 5119 13.9 2099 929 89 . 
........... feed concentratl_ (before _lIent InJection) 
Rhll307/1/011.1 0 8 9 15.4 NR 1189 98.9 
Rhll207121 011.1 avg 0 9 9 15.5 NR 1170 93.8 
Rhlll07131011.1 avg 0 38 NR 16.7 NR 1191 96.9 
Rh/2107141 011.1 avg 0 78 NR 15.8 10 1222 28.8 
Rhll00814R1 011.1 0 4 <2 17.7 10 985 102 
RhI2306I5aItOll.l avg 0 13291 5929 16.7 24 964 0.3 
Rh/230616a!1M..2 avg 0 12613 5814 16.8 18 920 ~:~ RhI2306I7a/tC>'L3 avg 0 14115 5872 16.9 11 942 O. 
RhI8aIOIl6 avg 0 14047 7048 18.0 NR NR 0.05 
RhI2806I5I!ITOI L 1 0 38 NR 15.0 9 991 0.2 
Rh/030718b110A.l avg 0 88 NR 13.7 3 994 0.1 
RhI2606I7b'tOll.l 0 116 NR 15.5 8 939 <0.05 
1907l81li 011.1 avg 0 76 NR 15.6 12 1192 <0.05 
RhI0607I91 01 L 1 0 13405 5657 16.1 22 1123 103 
Rhll40719R1 011.1 avg 0 13595 5744 16.0 31 1229 111 
Rh/0507/101 011.1 avg 0 13265 5737 16.1 NR 1150 104 
Rh/0407/11/011.1 avg 0 13789 6229 16.4 16 1052 102 
2107/11R1 OIL 1 avg 0 12952 5575 14.8 18 1100 96.2 
20071121 011.1 0 13226 5758 15.1 16 1016 81.5 
....... red feed concentration. (after InJactlon before reaction) 
Rhl1307/1/011.1 0 7 8 14.9 NR 1145 95.3 
Rhll207121 011.1 avg 0 9 8 14.9 NR 1127 90.2 
Rhlll07131 011.1 avg 0 35 NR 16.1 NR 1147 93.3 
Rhl2107/41 011.1 avg 0 75 NR 15.2 9 lln 25.6 
Rhll00814R1 011.1 0 4 <2 17.1 10 931 ~:~ RhI2306I5aItOll.l avg 0 12902 5755 16.2 24 935 O. 
Rh/230616a!1M..2 avg 0 12450 5649 16.3 17 894 0.2 
Rh/230617a/tC>'L3 avg 0 13705 5701 16.4 10 915 0.3 
RhI8aIOIl6 avg 0 13552 67911 15.4 NR NR 0.0 
Rh/2I106151YTO/ L 1 0 35 NR 14.6 9 ge3 0.2 
RhI030718b110A.l avg 0 85 NR 13.2 3 959 I~~ RhI2606I7b'tOll.l 0 112 NR 14.9 7 903 <0. 
1907l81li 011.1 avg 0 73 NR 15.1 11 1150 <0.05 
Rh/0607191 01 L 1 0 12939 5460 15.5 21 1084 99.4 
Rhll40719R1 011.1 avg 0 13115 5542 15.4 30 1188 107.1 
RhI0507/101 011.1 avg 0 12798 5535 15.5 NR 1109 100.4 
Rh/0407/11/011.1 avg 0 13287 6002 15.8 15 1014 98.3 
2107/11R1011.1 avg 0 12462 5384 14.2 17 1058 92.6 

































Appendix B.3: Statistics on Assays 
3. Statistics on Assays and Comparisons 
1. Solution Assay Standard Deviations 
Low High 
Time Cu NI H2SO4 Rh Rh Comments 
min (mgll) (gil) (gil) (mgll) (mgll) 
Rhl140719R12401l12 240 10861 5677 17.8 22.6 90.8 original sample analysed previous month 
Rh-Ll 240 11285 6717 18.8 25.0 93.6 
Rh-L2 240 11122 6501 18.0 22.9 95.7 
Rh-L2 rep 240 11151 6511 17.6 25.8 
Rh-L.3 240 11285 6613 17.8 24.8 89.2 
Rh-LA 240 11509 6482 17.5 25.4 91.8 
Rh-LS 240 11518 6627 17.6 24.8 93.1 
Rh-LS rep 240 98.4 outlier assay 
Eliminate Eliminate Eliminate 
IDeec:rlpllve StdMIca original outlier original&outlier 
~ 11247 6447 17.9 24.5 93.2 93.6 92.4 92.7 
SIIlndard Error 87 132 0.2 0.5 1.2 1.3 0.9 1.1 
MecIan 11285 6511 17.8 24.8 93.1 93.4 92.5 93.1 
Mode 11285 #NIA 17.8 25 IN/A IN/A IN/A IN/A 
Slllndard DevtaIion 231 350 0.4 1.2 3.1 3.2 2.3 2.4 
s.....,... Vartanc:e 53135 122332 0.2 1.5 9.5 10.1 5.2 5.8 
KurtosIS -0.0009 5.777 4.026 -0.885 0.021 0.199 -0.212 0.719 
~ -0.431 -2.321 1.916 -0.884 0.582 0.223 0.089 -0.435 
Range 657 1040 1.3 3.2 9.2 9.2 6.5 6.5 
Minimum 10861 5877 17.5 22.6 89.2 89.2 89.2 89.2 
Maldmum 11518 6717 18.8 25.8 98.4 98.4 95.7 95.7 
Sum 78731 45128 125.1 171 653 582 554 463 
Count 7 7 7 7 7 6 6 5 
Largest(l) 11518 6717 18.8 25.8 98.4 98.4 95.7 95.7 
Smallest(l) 10861 5677 17.5 22.6 89.2 89.2 89.2 89.2 
Confidence 1..ewII(95.0%) 213 323 0.41 1.1 2.9 2.6 2.4 2.3 
Conlkllnce 1..ewII(90.0%) 169 257 0.32 0.9 2.3 1.9 
~Id dell. % on ...., 2.0 5.0 3.3 3.4 2.5 2.6 








Appendix B.3: Statistics on Assays 
2. Average and Standard deviations for Rh element analysed in replicate (two 
analyses) 
Rh - Low concentration Rh - Medium concentration Rh - High concentration 
IStcl dev.1 IStcI dev.1 IStd dev.1 
Average Std dev. Avg% Average Std deY. Avg% Average Std deY. Avg% 
B.t O.:ii lot 
0.4 0.01 2.( 18.S 0.5 2.1 70.5 3.5 5.C 
0.1 O.()/I 53.( 23.7 1.6 6.E 70.9 0.3 0.4 
0.1 O.()/I 30.~ 26.4 2.1 8.C 71.1 8.6 12.1 
1.5 O.OE 4.~ 26.8 1.7 6.~ 72.1 2.8 3.1l 
27.6 0.1 O.S 73.0 1.1 1.€ 
27.1l 2.4 8.E 79.0 4.5 5.6 
35.6 2.1 5.E 76.9 2.9 3.1 
41.0 2.1 5.~ 78.1 2.1 2.6 
42.2 0.8 1.E 78.1 3.3 4.:1 
44.1 0.2 O.S 80.3 1.1 2.1 
44.4 0.6 1.4 80 1.7 2.1 
51.1 2.2 4.:3 81.6 3.7 4.f 
52.9 2.1 3.1l 84.5 13.3 15. 
54.5 3.6 6.6 84.9 4.2 5.( 
55.0 0.4 0.6 85.3 0.1 O.~ 
55.2 1.4 2.€ 86.0 14.8 17.~ 
57.0 0.4 0.6 83.1 1.2 U 
58.1 5.9 10.1 93.€ 1.6 1. 
59.2 1.6 2.€ 94.1 3.9 4.1 
61.1 3.8 6.:1 94.1 3.9 4.1 
62.6 1.4 2.:3 95 4.2 4.~ 
62.9 1.9 3.0 95.7 2.8 3.C 
63.9 1.3 2.1 95.7 2.8 3.C 
65.1 1.7 2.5 98.9 4.1 4.1 
71.7 4.4 6.1 104.1 2.7 2.E 
69.0 1.4 2.0 
69.2 2.3 3.3 
69.4 2.0 2.5 
Average 
0.5 0.04 22.4 50 1.9 3.9 84 3.8 4.6 
Std dev of 








Appendix B.3: Statistics on Assays 
3. Average and Standard deviations for other element analysed in replicate 
(two analyses) 
CU HI ·H2SCW He K 
I :staaev.! I :staaev.! 1::;10 aev. ! rmaev~ I Stcl aev.! 
Conc(m~) Average Slddev. Avg% Average Std dey. Avg% Average SId dey. Avg% Average SId dey. Avg% Average SId dey. Avg% 
ILOW : o. 0 .. ! 0.1 0.1 10.5 O. 1.1 7. O. 1.l 85! U .• 1.1 3.( lU O.~ 1.1 11.1 0.< 2.! 90! 
9 O. OA 12.1 17.! 0.1 0.1 92 5C 5.~ 
lot O. 0.1 12.~ 0.1 0.1 961 
~ 
0.< 
11 O. 0.1 12.< 0.1 4. 96< O.l 
12.1 967 11 U 
Caunt 5 6 3 6 
Average n 0.6 U 12.0 0.2 2.( 12 0 loS 931 14 1.5 
High 1~ 2! 
0., 5381 1 0.( 15.C 0 .• U 551 2.1 O.! ~ : O.! 
1: 
O. 5521 1 0.( 15.1 0.( O. 991 0.1 
1041l 1.S 5631 11 0.: 15.1 1~ : 0.: 
0.1 1048:i s: 6.E 566: : 0.1 15.~ 0.1 111~ 1 0.1 10741 0.5 570C O.l 15.5 0.1 3.1 1121 ! O.~ 
10861: 27( 2.5 57~ 2~ O. 15.9 11311 0 .. 
5927 2 0.( 16.1 0.6 3.! 1137 2 O.l 
13591: 11l' 0.1 6229 6 0.1 1~ .. ~ 1140 6 0.5 1378E 1( 0.1 7048 13 O.~ 16. 0.4 2.1 1150 12 1.0 
1404 1( 0.1 16.E O.~ 1. 1187 3 0.2 
1411! 11 0.1 16.1 0.5 3.( 
17.~ 0.1 0.1 248l 21.2 O.! 1267 : O.~ 17.9 O.E 3 .. ~~ 13A O.! 1261 O.~ 18.5 OA 1.1 lA 0.1 12M ! O. 
19.1 0.5 2.1 1345 1 0.1 
19.9 O.~ 1.1 
20.7 O.~ 1.( 
21.7 0.1 0.< 
19.3 0.3 2.1 12 0.5 8.0 O.E 
0.2 10 3.2 
Caunt 10 9 19 4 14 








Appendix B.3: Statistics on Assays 
4 A . vera~an dSt d dd . f f S lid A an ar eVla Ions or 0 t ssays repea s 
Cu S Rh 
~ta aev./ sta aev.! ~ta aev.1 
Average Std dey. Avg% Average Std dey. Avg% Average Std dey. Avg% 
39.0 4.8 12.2 25.6 0.3 1.1 0.2 0.005 <::! 
58.6 0.2 0.4 28.7 0.6 2.0 0.4 0.1 19 
58.6 0.4 0.6 30.0 0.5 1.7 0.8 0.1 14 
60.6 2.2 3.6 30.6 3.9 12.7 0.8 0.1 10 
62.9 0.0 0.0 31.5 0.7 2.3 0.9 0.1 a 
94.9 0.0 0.0 1.0 0.2 16 
1.2 0.2 15 
1.3 0.3 21 
2.2 0.2 9 
3.2 0.5 17 
4.0 0.9 22 
16.4 0.4 ~ 











Appendix B.3: Statistics on Assays 
5. Comparative statistics using T-Test 
High Rh conen Medium conc Low Rh conc Very Low Rh conc 
comparison comparison comparison comparison 
Total relative error 0.086 0.063 0.12 0.3 
Average XI 90.0 85.7 50 48.4 20 16.2 0.25 0.1 
nl 25 25 29 29 4 4 2 3 
Sj 7.7 7.4 3 3 2 2 0.08 0.03 
Spooled 8 3 2.2 0.05 
t 2.012 2.028 2.461 3.303 
DOF 48 56 6 3 
Significance (two-sided) 95.0 95.3 95.1 95.4 
Significance (one-sided) 97.5 97.6 97.5 97.7 
95% confidence limits 3.0 1.1 2.1 0.1 
90% confidence limits 2.5 0.9 1.8 0.1 











Appendix 8.S: Leach Profiles 
B.4. Log sheets, Assays and Mass Balance Tables 
Miscellaneous: 
0-2 Rh2S3 seed production 
0-3 Produce PdS (Pd mg/l) 
Kinetic tests: 
1 Ionic Rh precipitation 
2 Ionic Rh precipitation 
3 Ionic Rh precipitation 
4 Ionic Rh precipitation 
4R Ionic Rh precipitation repeat 
Sa CuS precipitation 
Sb Substitution reaction 
6a CuS precipitation 
6b Substitution reaction 
7a CuS precipitation 
7b Substitution reaction 
8a CuS precipitation 
8b Substitution reaction 
9 Cu and Rh co-precipitation in situ 
9R Cu and Rh co-precipitation in situ repeat 
10 Cu and Rh co-precipitation in situ 
11 Cu and Rh co-precipitation in situ 
11 R Cu and Rh co-precipitation in situ repeat 
12 Cu and Rh co-precipitation in situ 
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Appendix 8.5: Leach Profiles 
esU: ~ 
Test desc~ption: Stoichiometric sulDhide addition 10 make PelS PIlI seed (sllml axcess Pd). 
Conditions Bench top magnetic stirrer IMlh heating 
Temperature 85-95 oC 
Make-up Volume 1.000 L 
Volume before I~ectlon (operating volume) 1.000 L 
Seed (Rh sul!>hlde) none mg 
CuS04 0.00 9 
NlS04 0.00 9 
FeS04 0.00 9 
K2S04 1.00 9 
Na2S203.5H20 actaul added 0.30 9 excess 01 0.3 9 assuming Pd(lI) 
Volume Pd stock soIn plpetied (actual) 100 mL 
H2SO4 0.00 g 
"me emp _re ~mr "amPle I ~lIter papa, IFI"+SO'CIO NelUOY I"""OJ PH lleaox UOS8lVaoOllS 
min oC lcPa opm Voluma ma ma massma Il'I mV 
Faed 101: 
0 85-9!i ~strn+N2 530 100 0.00 0 NA NA light oranga solution 
0.1 85-9!i Solution colours daIkens Immediately 
0.50 85-95 black PIlI, soIn almost cleat 
5 85-9!i !Io strn+N2 520 
1: 
122 158 38 0.40 NA NA max. black ppt, clear soIn, large floes (vIsual). 
eo 85-95 ~strn+N2 538 130.00c 154.000 24 0.24 NA NA black ppt, clear soIn, floes 
6O-SQ solid 1II(JJkI separation and cake washing 
o Add -10 ml PdC12 soIn to ensure no excess sulphide slighl orenga colour 10 solution 
eo 85-95 viSUally clear soIn 
easllty flllelllble, seems coystailina 
possibly some shiny alloy? Or refactive x_ 
Comments: 
All Pd(1I) preclpllaIed IMIhIn 5 min. Fleshed back IMlhln 30 sac. D8Ike~ng 01 solution PfObabIy due to complexlng 01' p~mary nucleation. 
Flashed black _n 30 sac. 











Appendix 8.5: Leach Profiles 
1:':".: 11""",_: , . ,01 Rh 'rom D .... IY_IOI~ _nl.., 00 CUlIll 
CDndIllonr. 
lranperatuN 500C 
-.up Volume 5.200 L (Incl. Rh lOIn) 
Volum. __ 11;- (aparattog volum.) 4.984 L 
Seed (I'd ouIphIda) 25mg 
CuS04.5H20 _ to m~ volum. O.OOg 
NIS04 _III meke-~ voIum. O.OOg 
FeS04_to ~voIum. O.OOg 
K2S04 _ to ~voIum. 11.70g 
NI2S203.5H20_at'oO 87.31 9 
VoIum. -" .. a' 190mL 
~oIum. Rh _lOIn pIpatted (octuaQ 50mL 
H2S04111~ 74.m 9 
m p+ 
min) oC kPa -.m. maoa S Rh2S3 mV 
"-<I 375 
1: 
m ..... ~~ coIc 
~ 
374 122 125 3 0.02 34 ml ftUlll; mlll\Y 
1 375 152 127 22S 
IE 
0.84 3.82 0.012 E milky boIga; VfWf poor 1I1tratlon; 50 374 98 124 193 0.71: 3.411 0.02< _water_ely _nitration 1~ ~ = ~: 123 ~ 1.01 :~ g:~ 128 117 1.17 239 31 364 114 128 274 141 1.311 4.01 0.02 244 milky , .. DOlour; ftnrata cloer 
: : :; 94 125 252 127 1.35 4.14 0.031 243 :~ 125 282 137 1.37 4.2 O.~ E 12( ; 338 124 281 137 1.3 4.14 0.03 !~ = 
98 124 281 131 1.43 42 0.041 
: 51 4lI2 2411 940 891 1.43 4.54 0.043 strong mllk __ 50.1 3310 l11G!615 197370 4750! 1.44 5.19 0.04( _ nitration relative to t 2 and 3, dark blOwn 




Sight S020meit 1ntIaIIy,\U IignIIicInIIy _ than _ t 2 and 3. S (sjI) _ted !rom acid COfIMlIIIIIIIOn 
Poot1lPln In an oamplaa Rh2S3 (sjI) _ted !rom Rh lOIn 
F_ oampIaa have strong SCl2 amal. (Rh) mlt'!_!rom Rh In _, 8IIUIIIlog _I Rh 'I. ....... the proIIIa 
SoIIda are blown F_and~ ____ time. A_ ...... ",_ ... oa __ 
re .. • . 1 
Samplet TIme NI K Rh Rh 'd 
min) I!!lI/!l. m mV 
RhlI307111 In.l 8 14. ,: 1145 112. 82. RhlI30711/1/L2 avg 1 NR NR 12.1 1140 84.4 84. 214 Rh _concn calcLBlted!rom _ m ... proIII 
RhlI30711/21l.3 2 NR NR 122 NR ::~ :~ 93. = 
_inS Rh 'l.1n_0I_.,.p. 
RhlI30711111fLA 
1: 
NR NR 11.8 NR 79.1 
RhI130711/1211.5 ovg NR NR 11.4 NR 1144 71. 77. 239 
RhlI307I1/30/L8 30 NR NR 11.~ NR 11~ 73.7 78.1 244 
RhlI30711/4100.7 : NR NR 11.7 NR "511 71.4 75. 243 RhlI307I1/9M.8 NR NR 11.8 NR :~ 87.9 75.11 = RhlI30711/12M.9 12( NR NR 11. NR 872 75.11 RhlI30711/14100.10 avg !~ NR NR 11.8 NR :~ 84. 74.4 243 RhI1307I1124M.11 : <2 : 11.4 NR 53.5 74. RhlI307/1/ 3OM.12 avg 2 10.9 2284 1243 86.1 74.l 
Sample' TIm. III S K Rh 
min 'I. 'I. 'I. 
:: 84.8 N~ NR 127 0.0:1 RhlI30711/30CYS2 avg 0.05 0.05 1.4:1 
1m Cu NI H2 Na K Rhooln Rh_ 
1 282 0.08 0.01 
2 ~! 0.13 0.01 I 0.13 O.ll 
12 35.4 ~~ 
0.1 
; 31.3 0.11 32.3 0.21 0.1 
1: 
33.3 ~~ 0.1 32.3 0.1 
!~ 33.3 0.21 0.11 : ~::, 0.0 35.4 0.2 0.11 0.0 40.5 ·86.8 0.2 0.11 
NI S K Rh 
300 0.01 0.01 42.4 0.1 
, .......... , AcId I S Acld/Na S/Na Rh/acld 2 mol Na lor 1 mol NI2S203.5H20 
__ 'I. 
Na - NI2S203.5H20 
100'1. reqund 300 85.5 86 89 0.81 ~~!:.S~ 
Rh 
:~::a:=:::. 0,-11")1 (Rh O'OO)~ 
88.3 'I. mol Rh removed !rom lOIn I Rh In IOIIds 
90. totaIacx:o_1IY 
SoIWIon "",_lIIatIoo8_ed 8 14. 86.5 1145 98 
Inlmaolldmeaaand_ 240 74 
--"-<I mmolil 151. 86. 
AcId sor-«I!rom MaS pracIpItatIon mmolil 0.01 0.01( 
AcId........., (_artaI S: TOIIII S· MaS) mmolil 10.1 AcId _ ptodIctad 
mmolil 142.1 











Appendix B.5: Leach Profiles 
l1li.: ~ ... -: Ionic IlnICIDItatlon 01 Rh lrom DUra _ 8OIutIons contalnlna no Cullll 
Conclllono: 
Tempe<ature 800C 
_",Volume 5.200 L (Ind. Rh aoIn) 
Volume before Injection (openItIng volume) 5.002 L 
5eed (Pel eulphlda) 25 mg 
CuS04.5H20 _ to mu.up volume O.OOg 
NIS04 _ to make-", volume O.OOg 
FeS04 _10 make-up volume O.OOg 
K2S04 _ to m-,., volume 11.70 9 
Na2S203.5H20 _ at 1=0 67.31 9 
Volume _t oet at 190mL 
Volume Rh 0I0oI< aoIn pIpetted (actual) 50 mL 
H2SO4 to m-,., 74.m 9 
lme reooure e + . lSoIIdI rsotkI1 lSoIIdI atlono 
min oC kPa """ Volume rna ma m .. ma 5 h2 mV Feed 1~ 122 127 
0.13 caJc'd caIc'~ fiuoh 




1.21 3.7t 0.034 ~ 
coIIodaI Ught milky brown; better filtration 
1~ 3111 :~ ~~ ::: ::~ ~:: 0.032 IIItratIon oI<,oIuny _Ing. : 1~ 269 :si 0.049 :: : lIE 124 291 1.44 4.62 0.04 brown slurry ; 134 :: ~~ :: 1.43 4.3E 0.063 244 darker brown slurry, cIoar filtrate ,1811 flItratIon ,: = 98 1A 4.41 O.ml 243 darker brown slurry, clear flItrata ,1811 flItratIon : 118 121 = In ::: 4.a:o ~:: ~ darker brown slurry, cIoar flItrata ,lui filtration IS( 365 98 II!( 14e 4.75 _ brown slurry, clear filtrate ,1811 flItratIon 240 S( 3950 192741 198521 57711 1.<11 4.75 0.034 243 Darkeot oIuny and precipitate. SHght S02 emell. 
opIao/I over 100 
llueh III to 1 34 
Volume balance oh<xtaga 108 
VI/Vo'" 76 
Comm_: 
PrecIjllal8 got darker wI1h time and flItratIon I_ad with time. Filtrate decreeeed in colour to sI.- dear. 
Pool preciphIItIon In 1-1,1=2 and t. 5 min. 5 [WI] calcutaled tram acid conoumpllon 
5trong S02 omelllnitially. Slight S02omoilln final fiHrate. Rh2S3 [1111 calculated tram Rh aoIn 
[Rhj mWt calculated tram Rh In aoIldo, -.mlng finet Rh ." acrooo the profile 
"_IC .- ,-, IIU: 
Redox 
sample • TIme CU N H2SO4 Na K Rh Rh_ MAd;! 
min m m m mV 
RhlI2rJ7121 Inl avg e ! 8 14.& 11 1127 !l2.1 92.8 
Rhll2rJ7121111..2 ovg 1 <2 & 12.7 NR 1121 71.1 eo.8 208 
Rhll2rJ712121L3 avg ~ NR NR 12.1 NR 112E 119.4 54,8 ~ Rhll2rJ712151l4 avg 5 NR NR 10.4 NR 1113 70.! 51.<1 
RhlI2rJ71211M.5 avg 10 NR NR 11.& NR 1117 59.2 48.8 :: 
=~:~:~ : NR NR l1A NR ':: 80.4 47.2 NR NR 11.8 NR 11 4&.5 47.4 244 
Rhll2rJ7l219M.8 avg 1~ NR NR 11.5 NR 
1127 44.4 48.2 243 
Rhll2rJ71211201U1 ovg NR NR 11.4 NR 1121 43.4 45.3 245 
Rhll2rJ712118M.l0 avg 180 <2 : 11.3 NR 1128 41.e 48.6 250 RhlI2rJ7I2124M.ll avg 240 l 11.3 2284 1130 35.1 48.4 
Sample. Time Cu NI S Na K Rh 
min ." ." ." DDII1 DDm ." 0'1 
Rhll2rJ71212401S2 avg 24( 0.11 NR 94.1 0.315 O.C 3.16 1.48 
mmOOl, CU Nt H2SO4 Na K Rh aoIn IRh_ 
1_"-'''''''''''' 1 22. 0.21 0.31 
2 2&.! 0.23 0.3 
5 48.2 0.22 0.4j 
10 30.1 0.32 0.4: 
: 311.1 0.31 0.44 34.1 0.42 0.44 
,: 35.1 0.4 ~: 36.1 0.48 
: 0.10 0.( 37.1 0.51 0.4! 0.11 O.C 37.1 -96.1 -0.1 0.55 OAS 
u Nt 5 Na K Rh 
24( 0.04 43.3 O.l 0.( 0.45 
jbIIIIl AcldIS AcldINa S/Na Rhl acid --." Na = Na2S203.5H2O 240 85.5 76 81 1.5C 5 -oIemental 5 or 8(2-) 
l00'f0 Is a 1: 1 mole retia 
Rh 
-IOQ.(ootn-ooIdYaoIn'fo 240 60.! 
=.Lmol Rh In ooln+ooIIdo ._llliu. • t.OI ." 66.2 
1501u11on conoonIrationo 8.6 6.4 14.1 11 1127 :: jcalcutaled lrom ooIId 240 
Feed mrnoll1 152.3 O. 
==':~~ 
mmolll O.IC 0.63 
mrnoll1 10. 
AcId 0DnCantraII0n pnIdicted mrnoll1 141.6 
AcId concanll'alion pnIdicted ~ 13.9 











Appendix 8.5: Leach Profiles 
~=~: '0' Rhlmm oure, ........ ,noCu(II) • ca __ 
~";"~voiume 
950C 
5.200 L ~ncr. Rhl104n) 
volume) 4.998 L 
~,.<.~u~., _,-"volume 25mg 0.00 g 
ttS.~. to~volurne O.OOg 
FoS04 ., _,-" volume 0.00 g 
","""",,,volume 11.70 g 
_at toO 67.31 g 
at 190mL 1= ~h Itock II04n pIpetIed (actual) 50mL 
74.117 g 
I(m!!ll . !rul ~~- JJJY 
F~ : 41 1~ :: .~ 17~ mea; ~~ ~ ~ I;", strong S02 ornerl 410 :: ::~ ::: ~:: -"". _;poorfl_ 
.~ ;. 41 9;; ~ ;~ 236 Ic:OucidBJ 1~.mirky.txOWn; _flhration 41 1~ ::~ ;:!l ~:~ ~ : :~~ :~ 9:: i! :: ::~ ::: ~:: :; l-oIurrv 
.~ : :: s: 91: :: oIurrv, clear nhrale .1aoI flhration 11. :::~ ::~ ~:; okny. clear _ .1aoI1IHraIon :: : :: 1: :: ~~ :: ..... 1 __ ~vw .. oIurry. cr __ .1aoI_ :::: 4.91 0.091 oIurrv. clearflhrale .'utlltratlon 2411 lIE 331 
3; 
19261l 19957C 5951 0.101 and~. SIIghtS02eme1l. 
:'.tt..l 30.( 
Ivolume bola \C81hoft11ge 
Vl/Vo"!. 1~ 
~ PrecIpIate got _ with Ume and flhration Improved with urn •. FlhraIe _,n colour to almoo! clear. 
Poat practpta1Ion In 10 1 and 1=2 min. S [I1IJ _from IICId c:onournptIon 
S1n>ng S02 _ 1nIIiI11y. srlltd S02emeIIIn flnal flhral8. RI(!S3 [WIJ caJcUalOd from Rh II04n 
[RhJ mIJI C81c:u1alOd from Rh In _. uoumIrIg fl/\ll Rh % """"'" tho proflle 




~ ~~ :::: ~~ ::~~ ~:; ::: : 
=::~~~ ~: : :~:~ ~: 1111 ~:: ::~ :: 1101 
11'lhI111171311M.5 ~ ; ~; 11.4 ~; :~ 4U ;~ ~ IRhlll117131301l6 11.8 41 
il'lhlll071316M.7 avg 




~:~ ;~ ~ IRho'~ll17l3190t\.8 11-" ::: 12M.9avg :: ~~ ~: 11 ~ ~: :~ :: 11'lhI1111713116M.l0 avg 11.8 1161 
IRlVl10713124M.11 avg 24lI ~ N~ 12.3 2441 1137 23. 32. 
sompre. 
(min) % % % PIIIIl PIIIIl % WI. 
Rhllll17l312<G'Sl avg 24C 2.338 NR 91.8 NR NR 3.91 1.51 
(l1li 10"'/ C;U NI H2SO4 HI K Rh 
Rh_ 1_- ::: ~~ ~::: 
~ 
~ 
~:~ ~:~ ~:~ 
:~ ~:~ ~:~ ; ~:: ~:: ~:~ :: ~::: ::~ -105.8 ~:: ~:= 2411 
24lI 0.5!I 43.2 0.5!I 
'onI.""",,,1 AddiS Add/Ne SiNe Rh/IlCld 
Mole ralloo % 
24lI 69.7 73 ~ 1.73 
,.8 = Na2S203.5H20 
~~Is.l:l~~ 
Rh 
• (mol Rh In aorn-lids G I=flnallZ:~ ,0 toOl' ::~ 
~froml104ld 24lI ~~ 
16.1 11 1147 : 
~ __ from mmo'" 164.0 0.0 
1.00 0.51 
IAcId conoumed (- S: T_ S :: 1S:~ IAdd concentration ~











Appendix 6.5: Leach Profiles 
~:=-"DIion: Ionic ~llon 01 All Imm I , aoIdIonIcorCaIrjno no cutin • 
COnd_, 
1500C 
l~oIume 5.200 L (Incl. Rh lOIn) 
I:;;~~(~ngvdume) •. l1li8 L 25mg 
• ...ru . .'v meke-Up_e O.OOg 
IN~~_~.== O.OOg O.OOg 
tom ....... vdume 11.70 g . _0,,-0 87.31 g 
IVaiume "",gent lOt at 190mL 
IVOIume Rh _ eoIn pIpeIIed (1ICIIaI) 50mL 
1H2S04 make-Up 7 •. 07g 
~ 
~ 1~ m= 1;'-:'-.; H2II ond S02/S03 email 
;~ =~ :~: 
ca~ ~ 424 
:~ = ;:~ g:: 274 ,.;. ~~ oomplele FIll pptn ;;. =5 ::: ~~ == ::: !.5 : on PV Intemal. ond _. ~ :: :;; == : :; ~ .,E ;~ == ::; ~:; ;; IS( 424( •. 7. 0.03Ii 3S8 
I:.;. ... '~ 




~':'-'::FIII ~ Iormadon PV --..aIIond..na. 
IR""",,, M, IHIIIdd All at 150 oC, ..... pIe lor Rh con:_ ond than I~ IhIoUpIIIIeI S[WIl_"""'_~ Rh2S3 [WIl-- Rh eoIn 
[RIll mw'l_ed _ Allin -. aeeumlng IIneI Rh '10 OCIOIIIlho proIII8 
5O/IIpIe_ •• TOU. I~~~~~ 
I 
7E.047~ =: '~~ ~ ~~~ ~~ : 




~ ~= ~: ~~~ = ~~: g~ :: ~~~1~ =~ ~; :~:; -;~ :: ~:: ;; 'a : :: ~.~.v .. ~ _\.9 ••• 2 HI' 11.8 - 0.1 3811 
-pie-
J;!I!!!L '!!o 1t!. 
eel N.R. N.R. N.R. N.R N.R. N.R. I.ncr-
(m_ Cu NI H2SO4 Na 
Isoiwton I , ... ..., 
::~ ~~ : ::~ ~: 
~ ;:j ~~ : 1.1 ::~ -111 g:: 
eel N.R. -- AddiS IAdd/Na SINa FIlII acid 1--'10 
II( 63 0.61 




• ,maiRi>1rIIoIMIoIIcIs ."" naIlIIFIIIII( tl-m% 
foIcuiat*I. ~:~ 
15.2 19.15201117 1177 21: 
:: gonorated _ MeS preciptatIon 1= Add conoumad (_ental S: TOIIII 5 -Ij I;: IAdd con:.aatIon predicted 















l~·~·~. 5.200 L Ond.II1_IItd_ lopo_ volume) 5.028 L 
:;;.:; ;.;;r. Ito _  none mg O.OOg 
.on. O.OOg O.OOg 
11.70 g 





~ :; ;; .~ ;~ ; :~ --;: c; ;; ~:""' .. ~~~ :~ i .• , 7.21 ~; ;¥"WI ....... ~~:, ' 
l~ ;. :~ E :~ .,1 i5 i: 8.' ~i: ~ ~kiiPi· ppt :~ :: e.' :; ;; ;; e.' ;: 
~ J~ :: :: ::: ~: ~:;: :: 
21 :: :: 311" ii e: 814< i:ei e." 0.'31 m ;"~ .... ; ...... ppt,cryoIalllne,.ory~ .... _. __ 
H2O 
;:~"';, '~ 
Ftnol volume ,: ~ ,"/Yo" ~ 
== FI'I pqcIpItaIe formed on PY I"..",.., and WIlls. 
S ~ c:.IcUated from add cor..mption 
~ 14. but IdIS FI'I1t 1150 oC ..... tor FI'I concentration and then ~.....,....! Rh2S3[a11I_'''''" All..., 
[FtfIJ m~_'",,"II1I._.....-ng_III"ac_lte_ 
Pi .~ F'""""'" 
FII'ooet .... 'Il2 .. g 
•. u,,,or; 
~ ;;~ ~~ ;; ;~ ;: ;; 
:~.-::: : ..• ; ; ,~ :; ;: ~ ;: ~ 
07 ,~ ; ; :~:; ; : ;~ :::1 ~ :: ; :~~ .. ; ... ;~ 
1W1o.w.w 27IUavg ~ <I ".3 .. :: ~~ 511.' : 
F'"""""" ~ 
21 "" NF IIU NF N" '.11 .. '" 
Ipoorll1 __ duolO __ pltatlanon_OIPY 
'u ~; 
: :~:~ ~ :~ ~ 
~ 
O~ 0.( :~ ~ 21 ·111. 
21 "" "" 48.' "" N" 0.31 
""' ,- _IS _INa SINa III I acid -_ .. 
21 118.1 ~ III 1.111 
... ". Na2S203.5H20 
~.;.,..,..,.,~~ 
~. 
• tmoi, I.,·ft.all . ,.toOl,:' :; 
"""'_ ...... IItd_ 0 
;;; « "" 
.. -~ : ;; 











Appendix 8.5: Leach Profiles 
OIl.: Sa 
T..ii~Ion: 
CuS ,ormation for _1Iution_ 
~ndltfono: 
500C T ___ ," 
MakoHIp VoIum. 5.400 L 
-... beloralnjoction (operating vol .... ) 5.190L 
Sood (Pd sulphide) nona RIO 
CUS04.5H20 added to make-up vallOn. 293.60 g 
NlSOI added to make-up vol .... 139.90 g 
FoS04 added to make-up voIIMn. O.OOg 
K2S01 added to .......... -. 11.70 g 
Na2S203.5H20 added at t-o 87.31 g 
Votum. _gent set at 190mL 
VoIum. All otock _ pIpotted (actuoI) O.OOmL 
H2S01tomako-up 76.30 g (adjusted 'or pH 2 .... or In enor:_ .... boa! 79 g 'or 1511'1) 
• .. --- + min a Votum. m m maoo mV 
oed 1 101 m_ calc' 




45 ; 471 5& :~ 82 : Ie 75 :~ 
~ : :71 10.6W1CuomM 9.7W1CuonnM 
121 : 471 lC 2.81 3.51 10.2 WI Cu onn M; _ sIaflpod 144 47( ..... pIe at 10 min turlnlng coI_ brown 
(days lot .. ppt still bmwn ; not-" 
SolIds m_ln 5 b food sample 
ICOmm-= 
10 min oample and Idls8quont oomptoo ___ ng on magnetic stirrer at 50 oC to make required CuS ppt. 
~ lot aampe >40 oC for 5 min ,~ocxurrod 'rom men:y _ tolPe&f1Y a.-n, _ and then -.. Tho pracIpItate _ added _ the bulk ooIlds to mairtaln CuS mass. 
cako ropuIpod In pH 2 ....... , Nfltord and _In pH2 water at room """""""" for days belora port (b) of t .... 
25 mlloot to slurry loot over PV _e. 
5ampIe. TIm. Cu No A 
min} (..r1l (..r1l (!I'll . (..r1l lmo'Il mY 
1 avg 0 12G .... 18. 2 IItI4 O. 
_1tIL4 90 1061 5891 16.1 2724 gal 0.2 
15ampIe· No Rh 
min '" '" '" '" 
Rlv'28O&'Sb'TOISl 8C 1.8. NJ; 25.! NR NR 0.01 2.88 
mIllOI/o, C4I NO H2SO4 No K Rh 
.hnm .... 
1M 37. 0.81 -16.- ·117.4 0.01 
Cu NI S No K Rh 
8t 23.2 0.01 
,r __ l
Cu/No Cu_/S Acld/No SINo Cu I AcId AII/_ 2 mol No 'or 1 mol Na2S203.5H20 




12G .... 18.7 2 91< ( 
f:alcuIotod 'rom ooIld ..... 
00 
oed mmol'l 170.3 117.4 
AcId generatad fmm MoB ~ mmol'l 37.51 O.IX 
AcId oono...od (_, S: TofIII S - MoB) mmoI'I O.C AcId _ prodIctod 
mmol'l 207.8 











: !.:.:nDllon: SIb8tItution reaction 01 Rhtllll_ CuS at tam"",a"'e 
CondItIo ... : 
amparalura 
MIke-IIp Volume 
VohIne baiorelnjactlon (_ating volume) 
SeoId~ (Pel IUIphIda) 
Cu$04.5H20 _ to m ...... upvolume 
~1S04 _ to mlke-llp volume 
FaS04 added to mlke-llp volume 
K2S04 _to m ..... upvolume 
Na2S203.5H20 _ at 1=0 
Volume reagent 181 at 
Volume Rh _lOin plpatI8d (actual) 
H2SO4 to mlke-llp 
rnme amp iP_e AgItator 
min oC • 
0 
0 50 atm 43CI 
1 50 400 
2 50 397 
5 50 397 
10 50 397 
30 50 383 
60 50 397 
go 50 391 
120 50 ~ 180 50 
240 50 41 
2QO 50 405 
spllIh oyer 
"'oIume balance shortage 



















-5 mL .. 1uted Rh(1I/) not _ (stuck to Mils oIlnjactor) 
Bulk volume 01 treated praclpi1ala I. slgnIf/canlly raducad. 
sample' 
01 Ll 
RhlRh _ala altar Injactloo 
1W28OIVSb' l/L2 avg 
RhI2808ISb' 2It3 avg 
RhI2808ISb' M.4 avg 






RhI2808ISb' 24011..11 avg 




SolutIon _ ImmollL 























































































































































SolutIon concentrationa 0 34. NR 14.6 8.7485097 
caJculatad hom solid mass 2QO 
Feed mmolll 
Acid ganarated lrom MaS praclpHation mmolll 
Acid consumed (elementaJ $: Total $ - ~ mmolll 
AcId concentration preclcted mmolll 
AcId concantratIon predicted WI 












































Appendix 8.5: Leach Profiles 
ationa 
mV 
-20 mL /oat to 1100<; 
546 reagantsl~50mL 10Wl + l00mL_ chaser 
488 light yellow ao/uIIon 
509 light yellow IOIU11on 
~ Hght yellow lOIution 
48C light yellow lOIution; galling slightly IIhIer _ time 
431 light yellow lOIution; galling 8/IghIIy Uhler _time 
452 Hght yallow lOiuIIon; galling slightly IIhIer _time 
44C Nght yellow lOIution; galling 8IIghtIy IIhIer _ time 
434 light yellow lOIuUon; galling slightly IIhIer _ time 
424 light yellow lOIution; galling slightly Uhler wlh time 
402 light yellow lOIution; galling sIIghtty IIhIer _ time 
407 
NB: 1=1 sample .... not flUlhed prtor to the sample, 










































SolE Celculatad leed concantrat/on 
489 Guaaa value as sample .... contaminated 
5011 Guaaa value as sample .... contaminated 
:: 










Na = Na2S203.5H20 
S _ental $ or $(2-) 













Appendix 8.5: Leach Profiles 




I~;j~u (""",ating volume) 5.150 L ncne mg 
to make-up volume 293.80 g 
~~ to make-up volume 139.90 g to make-up volume O.OOg 
... ~ make-up volume 11.70 g 
.......... .. added at 1=0 67.31 g 
Ivci';;'; reagent eet at 150 mL 
I~:;;,: All stock loin pipet1ed (actual) 0.00 mL 
(adjus1ad for pH 2 water In enor;shoufd have bawl 79 g fe to make-up 78.30 g 
nme Temo .Pr_ AGItator lSOIICIl 
Ifmln) ""a /DID _vOlume mg I mOM"'" all allCuS 
fee: : :: 
251 Imeasurec calC' I 426/43' l50mluseG 
: : • ,,..,JII\1-<> A gil on AA 
:; : ~1 Iblack slurrY; iCU(nii=io.6 gil on AA 
2( 8( 3.511 1M 391 Istart cooling 
lcomments: 
lapprox 25 mllost tp PV _e due to priming ell: 





/mlnl /m~: /m~1 1m .... ' Imalll Imalll ImV 
avg ~ 12451 - f8.1 r /Ilol O.C 
I~ 2( 11411l !58OE 18.1 ~1 881 0.1 
SMlple, ~ ....!'!!.. Na K Rh concn 
'VIlSI avg ~ &4 NR 28.1 NFl NFl O.oe 3.58 
1m """'I (;u NI Na K All 
""",,,,,",,,,,",,,Immnl/ll 
2C 15.011 -2.81 -20.1 ·104.e 0.0< 
ISDIld basis Immolll. (;u NI N.- -K Rh 
2( 3821 31.31 0.111 
IIII1lIl ICu/Na l(;u/s I kid I No SiNo ICuI AcId IRh/ocid 
!Mole ratiOl % 
2( 2t II! 31 8( 7l 0.01 
Iflla = Na2S203.5H20 
1100% Is a 1:1 mole ,SuO 
All 
:i;;;-"rRhl';-~~ tl=flna/I ~ \01=01 ~~:' 
~ ;~: - 18.l " 8904 ( I"IIICUIB.an Irom IOIkf ,-
1= ~frorn MaS Imm~ 15.011 188.0 104.e 0.00 
I~~ consumed (elemental S: Total S I~_~: 18~:~ concentration pradIctad 











Appendix B.5: Leach Profiles 
•. : Ib 
1r000_Dlloo: 5u1lat1tut1oo reactloo 01 RhllII) ¥Ath CuS at temoerature 
~Uon8: 
~emper_ 800C 
Mak&-tIp Volume 5.200 L 
Volume before ~ectloo (operating volume) 5.008 L 
5eed (Pd oUphlde) none mg 
CuS04.5H2O added to make-up volume Og 
NiS04 added to mak&-up volume Og 
FeS04 added to mak&-up volume Og 
K2S04 added to make-up volume 11.70473 9 
Na2S203.5H20 added at 1=0 Og 
Volume reagent set at lOOmL 
Volume Rh IIock loin plpetted (actual) 50mL 
~2S04 to make-up 70.8 9 
e em reaoure ame fer + oDSerVaUons 
min oC kP. rom Volume ma ma m_ma <>'I mV 
0 : aim ~ 192 4414 5101 887 3.58 527 1 418 100 305 3.05 545 
2 :, 418 100 127 :a 311 3.11 481 5 416 94 127 291 3.10 495 
10 
~ 
419 98 127 ~ 303 3.09 4811 30 410 110 4576 380 3.27 540 
80 80 409 110 355 3.23 582 
90 80 407 94 127 431 304 3.23 570 
120 80 390 :: 126 :: 31~ 3.20 542 180 80 380 126 272 2.69 554 Solids sample dropped, m_ apprOXimate. 
240 80 380 4200 13200 26977 13777 3.28 440 
splash OIl'" 100 
Volume __ shortage -40 
Final volume I IriDal volume Vf/Vo% 81 
Commanla: 
1=1 sample not flushed prior to sample; probably biased ¥A1h hlgh8< Rh COI'lCn due to Rh on v.alis 01 sample system. 
SlIght H2S ameli (but not 00 flItr_). PoaaIbIy from splash OIl'" and sulphides being _ed. 
,, __ aonual ' __ oe 
001.: 6Il 
Redox 
sample' TIme u NI t12504 Na K Rh IAD'AaCI 
min m m m mflll) mV 
RMI307/l1mUlLlavO 0 85 NR 13.2 3 - 93. Rh _ate _Injection 0.01 83. 527 
RhI030716b' 111.2 avg 1 87 NR 15.9 6 :: 92.0 545 gueestlmate due to contamlnaDoo RIV0307I6b' 2IL3 avO 2 69 NR 15.5 NR 90.& 481 
RhI030716b' 511.4 avO 1~ 91 NR 15. NR 946 83.1 495 RhlRtV0307l6b' lOlLS avO 92 NR 15.1 NR 940 94.5 4811 
RtV0307l6b' 3OIl.6 avO ; : NR 15.2 NR 980 85.3 540 RtV0307l6b' 801\.7 NR lU NR 970 85.0 582 
RtV0307l6b' IIOIL8 avO ,: 98 NR 15.6 NR 987 70.& 570 RtV0307l6b' 12011..9 95 NR 15.5 NR 985 52.8 542 
RhI0307I6b' 18011.10 avO ~ 97 NR 15.7 NR 980 ~:~ :: RtV0307l6b' 24011.11 90 NR 15.8 5.38 977 
SolId 
Sample' TIme u NI S Na K Rh Conen 
min % % % PDII1 PDII1 % flIL 







RtVeh' 240/82 avg 61.& 27.5 NR 0.94 3.28 
mmOll Nt H2SO4 N. K Rh 
RnI • ...",_lmm~ 
( 
1 ~.~ ·27.4 O.ot 
2 ~.05 -23.3 0.02 
,; ~.09 -21.2 0.10 ~.12 -19.2 0'09 : ~.17 -20.2 0.05 ~.19 -23. 0.28 ,: ~.22 -24.! 0.22 ~.18 -23.3 O.~ 
24C ~.19 -25. 0.29 
29C ~.09 -26. 0.31 
ISdid _.1rnmoIIL Cu Nt 5 Na K Rh 
38.2 31. 0.02 
: 32.0 28.1 0.30 DIfferenca (mmollLJ 4. 3.2 ~.28 
1.,..,,_' Cu/Rh I~C;:~: Rh/ecld 
MoiereDoo% Na = Na2S203.5H20 
29C ,: 114.E 1.2 5 =elemental 5 or 5(2-) ElCD8Cted IOC 100% Is. 1:1 mole ratio 
Rh 
~I()O.{aoItHoIld)IaoIn% 29C -4823.5 97.1 
= (mol Rh In _Ids Ot.llnal) 11Rh 0 ~l % 426.5 89 ISoIutIon concentratIoI. 94.6 NR 13.2 3.260532 958 :: ~ated from IoIld m_ 355 
nee 8 on n 
eed mmolll 
~Id generated from MaS preclpHatloo mmolll 
AcId consumed (elemental 5: Toial 5 - M mmolll 
AcId concenlrallon predicted mmolll 
Acid coocenIraIIon predicted gil 











Appendix 8.5: Leach Profiles 
.... : 7. 
~est descriDllon: CuS formallon for subotitullon reaction 
Condition.: 
!Temperature 950C 
Make-up Volume 5.400 L 
VoIU'IIe before I~ectlon (operallngvolU'lle) 5.200 L 
Seed (Pd sulphide) none mg 
US04.5H20 added to make-up volU'lle 293.80 9 
NIS04 added to make-up volU'lle 139.90 9 
FeS04 added to make-up volU'lle O.OOg 
K2S04 added to make-up volU'lle 11.70 9 
Na2S203.5H20 added at 1=0 67.31 9 
VoIU'IIe reagent set at 190 mL 
ivolU'lle Rh stock eoIn plpeIted (actual) 0.00 mL 
H2SO4 to m_up 76.30 9 (adjusted for pH 2 ... tar In error;shouId have been 79 9 for 15 
rrtme emD P ....... tator ter + I alieno 
min oC kPa rpm VoIU'IIe ma ma mauma ~ ~Cu5 mV 
eedl 100 mlMllUl'8Cl calc'd 
eed21=0 100 Inject 190 ml of reagents 
10 95.0 450 3.28 4.28 
lcomments: 
wet m ... : 500 ml pH2 _ + _ + eoIlds • 698.4 9 
very high bulk denalty of eoIldo 
140 mL bed volU'lle ,,_----oa_ ,wnn __ ce est.: a 
Redox 
,sample' me I H2SO4 Na K ADlIv1£ 
min m~1 m~) (!WI) m~1 m~) m~) mV 
Rtv'23oenllllt>l..3 avg 0 13705 5701 16.4 It 915 0.0 
RM!30&'7a/fi1tJL6 15 10675 6155 19.0 248C 915 0.3 
Sample. TIme NI S Na K Rh Concn 
min % % % DIIIII DIIIII % cr\. 
RhI23OeI7bI WS 15 NR NR NR NR NR om 3.28 
mmOlf., w NI H2l:iU4 Na ... "" iSdutlon _ ImmollL 
15 44.53 ·7.73 -28.4 -107.4 0.00 
NI Na K Rh 
15 
IIIIlIl Cu/Na Cu/S Acld/Na S/Na Cui AcId Rh/acld 
Mole ratios % Na • Ne2S203.5H20 
15 83 49 161 0.01 S =&Iemental S or S(2-) 
100% Is a 1:1 moler_ 
Rh 
=1~eoIn-eoIIdYeoln% 15 
=imol Rh In eoIn+eo1ldo 01=1InaI11 Rh 0 1=01% 
SoIutlon concenIratieno 0 13705 5701 16.4 10 91~ 0 
!caJcWlted frcxn eoIld 15 
1_ ..... nce \aOluuon _.n n_aJ 
Feed mmolll 
AcId ~ frcxn MaS preclpllatI mmolll 
Acid COIlIU'IIed (elemental S: Total e mmolll 
Acid concenlrallon pradIcIed mmolll 
Acid concenlrallon predicted 11'1 











Appendix 8.5: Leach Profiles 
~:~riDllm: SubstHutlon reaction 01 Flhlilil IMth CuS at tern_ature 
7D 
CondItIona: r-empera\ll'e 950C 
Make-up Volume 5.400 L 
Volume before lr1ect1on (operating vol ..... e) 5.218 L 
Seed (Pd aulphIde) none mg 
CuSO<I.5H20 added to make-up volume O.OOg 
NIS04 added to make-up volt.me O.OOg 
FeS04 added to make-up vol ..... e O.OOg 
K2S04 added to make-up volume 11.70 9 
Na2S203.SH20 added at '"'0 O.OOg 
Volume reegent eat at 100 mL 
Volume Rh Block ooIn plpetted (actual) SO.OO mL 
H2SO4 to make-up 70.80 9 
Il!!le em 1"'- e IFI"+ - ~atIons min oC kPa """ VoI ..... e ma ma m_m ~ mV eedl 470 clear, colourless aoIut1on 
feed2 (t=<» : 470 182 482 1076 S84 3.26 47 Irtect brown Flh(III) aoIn, c_ by 100 mL \MIler 1 4~0 98 241 S3S 294 3.00 42S I~ yellow aoIu11on 
2 95 470 110 238 S63 344 3.13 :; light yellow aoIu11on 5 95 4?~ 
1: 
242 S46 304 3.10 I~ yellow aoIu11on 
10 95 46S 1295 1607 312 3.12 422 I~ yeIIowaolulion 
30 95 460 102 241 586 34S 3.38 42 light yellow aoIu11on 
60 95 ; 110 238 S83 3S4 3.22 423 I~ yeIIowaolulion 80 95 110 241 602 381 3.28 : I~ yellow aoIu11on 120 95 :: 110 241 818 3n 3.43 [Cu(II)) • 120 mWl on AA 180 95 110 118 488 388 3.35 411 [Cu(II)) = 120 mWl on AA 
225 95 470 41! sIari cooling 
= 9828lI 1357C 
filtrate sample at 225 min 
4000 111850 3.38 sIari buIph filtration at 230 min 
apiaah <Net loe 
Volume balance ~ 320 
Final vol ..... e I Initial vol ..... e III/Vo% 74 
Canm_: 
aoIIdI repulped in pH 2 _ added up front, eo eome _aI aging 01 ppt expected. 
NB: feed sample to check aoIu11on reduced the S(2-) content and 1hus I83sI ~ 12 sulphide addMon muot be reduced accordingly 
Fledox mllllllUllld on filtrate deye _ 
Couple 01 mL 01 Rh .... not~. 
~1 ......... nCIIIlluahed prior to umple; probably blued _ higher Rh concn due to "" on _lla 0I_1e ~ 
" ... ,_,a_wnn __ '801': 71: 
Fledox 
Semple' me Nt Na K Rh 
min m~l m~l IG'Il I~l m~l m~l mV 
FlhI28Oef7I>'U)Il I 
o.o~ 112 NFl 14.1 
7 803 80.0 
Rh eslimate after lr1ect1on 0 80.0 47~ 
RIV28O&7b'1U avg I 107 NFl 18.8 8 
= 
86.0 ~ RhI28Oef7b(2A.3 avg 2 108 NFl 18.1 7 68.0 
FlIV2808I7bI5IL4 5 117 NFl 16.7 8 882 63.~ 42!1 
RIV28O&7b'I01l5 10 118 NFl 16.8 8 898 98.3 : FlIV2IIO&'7I>'»'8avg 30 117 NFl 18.8 8 895 58.5 
FIIV2808I7bIeCI7 60 118 NFl 17.7 8 8IK 58.2 423 
FI~avg 80 127 NFl 17.~ 7 801 55.0 : Fl1V2808I7bI12M. 11 avg 120 117 NFl 17.0 8 :: 52.0 FlhI280817b11801L9 avg 180 121 NFl 17.4 7 51.3 419 
FlhI211O&'7t.'225IL 1 0 225 113 NFl 17.9 8 8Qo4 49.7 415 
5ample' Ime Q.I NI S Na K FIh Concn 
min % % % % Il'l. 
RhI2308I7b'IOIS 0 NFl N NFl N N 0.03 3'211 
FIIV7bI225IS avg 225 84.2 NFl 28.7 0.01 0.02 1.25 3.39 
mm .. UJ NI H2lSU4 Na " Rh Sdution _lmmollL 
~ 
1 0.07 -17.3 O.~ 
2 0.09 -12.2 0.20 
5 -0.09 ·18.3 0.26 
10 -0.10 -17.3 0.23 
30 -0.09 -19.3 0.31 
60 -0.10 -26.5 0.33 
80 -0.24 -25.4 0.34 
:~ 
-0.08 -21.4 0.37 
-0.15 -25.4 0.38 
225 -0.02 -30.5 0.38 
Cu NI 5 .lI!a K Rh 
0 NFl 0.0 
225 34.27 30.3 0.0 0.0 0.41 
om-rce ImmollLl 225 .VALUEI 0.41 
laoIn_.1 Cui FIh Cu/S (=~)'~ Flh/acld 
Moleratica% No = Na2S203.5H20 
180 8 113 114.3 1.5 S =elemental S or S(2-) 
Expected lliD 100% Is a 1:1 mole ratio 
FIll 
=100-(aoIn-aoIld)/aoIn% 225 105.2 
= Imol Rh In aoIn+soIkIs Ol=flnall/lRh 0 t-Ol % .VALUEI 102 
Solution c:ancemratIons 0 112 14.9 7.338708 803 ::: calculated"from aoIld m_ C 
anee on an n 
Feed mmolll 
Acid _aled from MaS precipitation mmolll 
Acid consumed (elemetrial S: Toial S - t.I mmolll 
AcId concentration predicted mmolll 
AcId concentration predicted w1 











Appendix B.S: Leach Profiles 
[T .... : .. 
h"est deoc~Dtion: CUS fonnatlon for subotitution reacUon 
Condllfona: 
emperalln 1500C 
Make-up Vol....,. 5.4OOL 
Vol....,. belae Injection (operaUng vol....,.) 5.190L 
Seed (Pd sulphide) none mg 
CuS04.5H20 added to make-up vol....,. 293.60 9 
NIS04 _ to make-up volLWn. 139.90 9 
FeS04 added to make-up volum. 0.00 9 
K2S04 _ to make-up vol....,. 11.70 9 
N82S203.5H20 _ at 1=0 67.31 9 
VoILWn. reegent oat at 190mL 
Vol....,. All stock sotn plpettad (actual) o.oomL 
H2SO4 to make-up 79.59 9 
m. em reesur. • f1110t pape FP+1QI1CIl NOt DIY [SOIICI] [SOlid] Redox o-..aHone 
min oC kPa rom Volum. mass mV 
feedl 90 m ...... ed caJc'd 58IT1pier II...,; altght """'" on lliter peper, 
feed2 (1=0) 148 400 120 Lesa """'" colour 01 lliter pap ... on feed 
1 151.0 395 
2 150 384 
5 150 367 
10 150 365 900 No S02 ameli. Aashes oil during sampling. 
20 4000 5.13 .VALUEI cooling and shut_ 
ButkfUtraUon 
Brovon ppt Is Rh2S3 from previous test. 
Comm_: 





5ample' Time (;II NI H25Q4 Na K Rh IAdAIICI 
min m m m m m mV 
Rtv8alM.6avg 0 13705 570 l' 1 915 O. 
Rhl8alliltIL 1C NR NR NR NR NA NR 
Sample' TIme u NI 5 Na K All ~ 
min % % % % 
Rhl1907/11b1 n'S1 1~ 59 0.05 33.95 NR NR 0.03 5.13 
mmCIIl, u NI H2SO4 Na K "" Isolution _ fmmol/l. 
lC NR NR NR NR NR NR 
Cu NI 5 Na K fin 
10 472 0.04 54.3C 
~ Cu/Na Cu/S Acld/Na S/Na 
Mote ratios % Na = N82S203.5H20 
10 S =elemental S or S(2-) 
100% Is a 1:1 mole ratio 
Rh 
=1~sotn-eotld)lsotn% 1 
Solution concentratlono 13705 5701 16.4 1~ 915 0 
~ated from sotld 1C 
~IG DII18_llOIuaon an n 
Feed mmoll1 
~Id generated from MaS ~ mmoll1 
Acid coneLWned (elemental S: Total mmoll1 
AcId concentration predicted mmoll1 
AcId concentration predicted WI 











Appendix B.S: Leach Profiles 
... : aD 
l1li_l1li00: Subotilutlon reactloo 01 Rhlilil v.tth CUS at tem __ 
ContI'-e: 
emperan.a 1500C 
MaI<e-up Volume 5.200 L 
Volume balore I~on (operating volume) 5.003L 
Seed (Pd sulphide) none mg 
CuS04.!iH20 added 10 make-up volume O.OOg 
NIS04 added to make-up votume O.OOg 
FaS04 ._ to make-up votume O.OOg 
K2S04 added to make-up votume 11.70g 
Na2S203.5H20 added at 1-0 O.OOg 
Volume reagent sat at 150mL 
Volume All _ soIn pipetted (actual) 5O.00mL 
H2SO4 to mal<e-up 74.07 g 
me em - Iter + I ations min oC kPa IDIIl Volume a a musa Il'I mV 
eedl 25 feed I1uIh 
aad2 (1=0) 150 3S8 172 124 1008 882 5.13 463 50 mL sample flush at 30 sac, btack ppt 
1 :: 331 98 127 570 443 4.52 435 No H2S a S02 smalls 2 281 100 125 588 463 4.63 438 
4 150 547 : 122 521 399 4.24 448 poaa/bte solids Iaat 7 150 545 123 533 410 4.38 4S8 
13 150 552 98 127 5ISO 423 4.32 418 
20 1SC1 410 100 127 588 43Q 4.30 43Q 
30 1SC1 410 98 125 580 435 4.44 440 solids lost 
80 150 410 4330 192738 213140 20402 4.71 420 
flush fa 1=1 50.0 
spleah fNflI 100 
Volume balance ahor1aga 41 
FInal votume /lnItIaJ vot.., VI/Vo% 83 
~m_: 
Sarna amount 01 Rh not lr1&etad at 5b-7b 
Sotlds diluted v.t1h 200 mL Rh solution lr1ect1oo 
No H2S a oIher smalls 
, .. lI1Ian ... a .... IG ____ eat.: III 
Redox 
i5ampla' TIme CU NI H2SO4 Na K fill AIJIAfS;,! 
min m m m m m mV 
1110711111111/Ll avg 
O.O~ 
73 N 15.1 11 1150 112. 
Rh _ala altarlnjectlor 112.5 463 
II107I8b' llL2 1 98 NR 18. 13 1152 35.0 435 
II107I8b' 2IL3 avg 2 NR NR 18.8 NR 1172 18.5 438 
II107I8b' 4IL4 4 NR NR 18.2 NR 1155 4.e 448 
II107I8b' 7/LS avg 7 NR NR 16.5 NR 1157 1.2 4S8 
II107I8b' 1:!/L6 13 NR NR 16.6 NR 1163 0.7 418 
II107I8b' 2011.7 20 NR NR 18.5 NR 1164 0.5 :: II107I8b' 3OIL6 30 NR NR 16.6 NR 1166 O. 
II107I8b' 6OIl9 avg eo 111 NR 17.1 12 1266 0.1 420 
Sample' 11me NI S Na K All Concn 
min % % % DDIII DDIII % Il'I. 
Rhll90718b' 0/51 0 56.6 0.011 34.0 
~= ~~ 
0.02 5.13 _ed 
RhI8b' 6OIS2 avg 80 56.6 0.05 34.e 2.21 4.71 
mm<llfl, \AI fill Hg!lQ4. ~ K All 
Soh-. -. (mmot/L' 0 
0.01 
1 -0.38 -13.8 0.56 
2 -15.8 0.72 
-11.7 0.85 
7 -14.8 0.88 
13 -15.8 0.88 
20 -14.8 0.81 
30 -15.6 0.81 
eo -0.59 -28.1 0.5 0.90 
ISoIId _ (mmollL Cu NI S N. K All 
~ 
NR 54.3 0.01 
43.4 48.8 1.01 
Dllferanca (mmot/L) 80 NR 4. -1.00 
~ Cu/AII Cu/S 
(;::,)/~ 
AlI/acid 
Mote ratios % Na = Na2S203.5H20 
80 66 87 88 3.1 S =elemantal S a S(2-) 
iExDactad 150 100% 18 a 1:1 mota ratio 
All 
31QO.(sotrHoIld)/soIn% 80 112.7 
~ (mol Rh In soIn+sotlds Ot-flnall / All 0 1=01 % 112. 
Sotuticn conc:an-. 0 73.4 NR 15.1 11.09507 1150 112 
cafculated from solid 0 -12 
e_ an • n 
Feed mmoLll 
Acid _atad from MaS prac/P/1aticl mmoLll 
Acid conoumed (elemental S: Tolal S mmoLll 
~Id c:oncanlraticn predicted mmoLll 
Acid c:oncamratioo predicted ~ 








































































All =1 mln,sclutlon fll1ra18 _ blue, I ... opaque, ranh. 121 sample AI 35 min, no solids visible. Add H202 to 10 mL IUboample,brown ppt formed. 
Add H202 to flltra18 01 I = 240 min; no pptn occurred. 
FIltra18 samples ohoNng dIc:oIOLrIIItion I pool -ppIn MI8 anaIuaed fer the total stream by first perIonnlng a solids dlgaatlon 1AIth nitric acid. 




















11 18C1l10 avO 
1/24011.11 avO 
IRt~/11112"1IISl; avO 
~ fn>m MIS precipItaUDn 


























Appendix 8.5: Leach Profiles 
I:!:Mt.: 





Make-up Volume 5.~L 
Volume be/ofa Injection (opera1Ing volume) 5.203 L 
seed (Pd auIphIde) none mg 
CuS04.5H20 added 10 _up volume 293.60 g 
NIS04 added 10 make-up volume 139.90 g 
FeS04 added 10 _up volume 0.00 g 
K2S04 added 10 make-up volume 11.70 g 
Na2S203.5H20 added at 1=0 84.72 g 
Volume reagent aet at 190.00 mL 
Volume Rh &loCk aaln pIpettad (actual) 50.00 mL 
H2S0410 make-up 74.07 g 
me _e tor • allone 
min oC kPa Volume rna. rna. rnuama. ~ ~CuS I~Rh2S3 mV 
leedl 97 - caIc'd caIc'd IeecI2 (1=0) 95 100 119 !~ 11 0.11 0.00 0.00 1 95 404 119 120 263 143 1.20 3.11 0.011 
2 95 404 88 126 384 258 2.93 3.07 0.013 
5 95 405 98 122 418 298 3.02 3.04 0.015 
10 95 405 97 122 448 326 3.36 3.22 0.019 
20 95 ~ 117 121 588 487 3.99 3.61 0.028 
30 95 120 121 643 522 4.36 3.95 0.037 
60 95 97 123 597 474 4.88 4.11 0.045 
120 95 405 4500 8425 30366 20941 4.65 3.96 0.055 
ftuah .11=1 78 
apIaah ""flit 100 
Volume balance shortage ·21 
Rnal volume/Initial volume VI/Vo% 93 
CommenIB: 
eat : -_e' TIme CU NI H2 No K Rh caIc'd min (~) ~ m~ 1I1I1I'I) (I1I1I'I) (!IIgIIj mV 
107111A/OIll avg 0 12462 12462 5384 14.2 1 1058 .... 3 88.3 
107111A/ll1.2 1 11863 ::: NR 16.4 NR NR 81.5 78.5 2107111A/ 2IL3 2 10613 NR 16.2 NR NR 80.8 62.9 
107111A/ 5IL4 5 10454 10438 NR 16.8 NR NR 79.2 62.1 
2107111A/ 10/1.5 10 10228 10321 NR 17.5 NR NR 76.3 59.0 
2107111A/ 20/1.6 20 9809 10062 NR 2O.~ NR NR 70.1 53.3 
~107/IIA/ 30/1.7 30 9670 9838 NR 20.5 NR NR 84.1 50.1 
2107111A/ 6O/l8 60 9214 9729 NR 19.6 NR NR 56.6 452 
~107111A/ 120/1.6 avg 120 - 9829 5475 19.9 2273 1091 52.1 47.3 
SImple' TIme NI No K Rh 
min) % % % DIJfII DIJfII % WI-
Rhll1 R/24G' SI avg 120 84.6 0.06 3U NR NR 0.90 4.65 
m NI Na aalldo 
.lmrnaIIL 1 : ·22.~ 0.08 0.11 2 ·20.0 0.08 026 
5 32 ·26.1 0.10 0.26 
II 34 -33.2 0.13 0.29 
~ 38 -56.7 0.19 
0.36 
41 -93.8 0.25 0.38 
80 43 -56.7 0.30 0.43 
12( 41 ·2 ·57.2 ·98 0.38 0.41 
CU NI S Na K Rh 
120 47 0.04 45.0 0.41 0.41 
laoInbasisl ~";s':ri3 ·\Ul+Hn)/ =r"" SIN. AcId AcId/N. 
Mole ratIoa % - Na = Na2S203.5H20 .) 120_ 65 73 117 S =elemental S or S(2·) 10 aalida 97 108 92 100%1181:1 mole ratio 
Rh 
=1 ~aaI ... aoIId)IaoIn% Il!1J 114.1 113 
-moIRhIn_Ot-llnl /RhOIooO % 108.0 106 
Solution conc:entrallone 0 12462 5384 142 17 10511 88 
~_Irom aalid mBM and 0 9456 5362 47 
I_I 
• __ • nlOld) 
F_ mmolll 145.2 O. 
Acid ganera10d from MoB preclpilallon mmoIII 0.00 0.00 
AcId ......... od (Hn_1 S: TOIaI 8· MoB) mmollT 0.0 
AcId cone ..... ,1en prodIc1od mmolll 145.2 
AcId _lion predicted Wi 142 











Appendix 8.5: Leach Profiles 
~:~ I ~~ CUOll and Rh(1II) 
12 
~ 
~ ... e. 1500C 5.400L 
(apeI8ting valume) 5.202 L 
~!. iacldlidtolllllk8-<lpvol .... none mg 293.60g 
,;,;,;n. 139.90 g _an. O.OOg 
~.;, 1'.70g 
N;;; ....... 1..() 64.72 g 
I .. 190mL 
=:11ock .... 0" 50.00 mL 74.07 g 
,~ ::(1-0) 
:~ '; ; ; ~ mea; ';; 
ftUO/I 
:: ::~ ::~ ?; indicative-Wi ; ;~ ~ ;~ ;;~ ;: ;:;~ indicative - WI :: ::~ ~:: -WI :: :~ ~ :: O.:~ -WI I :: :: ::: !:~ -WI 
;~ :~ 
:~: ;~ ;;1 ;::~ -WI ~ :; ::~ ~:~ -WI :~ :~ ;: ;; ;::~ -WI ~ :: :: ::: ::~ -WI :: 201: ~ ~ ~::~ I -WI 60 40! 4171 5.01 3.41 401 occurato WI 
spIosh av. 
-go ~ Initial vol .... Vl/Vo"lo 
;:'.;""' S02 smell, .... all reogenIs CXlflSUllleeI In proclpllatlon. 
_ WI_lve (~on low _) duo to noIlIIIIOVlng _''''''' mKIlpore gloss, IS there _1nsIII-" tlme av _ 
~. 
_ =m T.U~ 
~:~ .. -~ ~ ':a~ ';: ::: ::: 22;~ ,:: :: ~~ • CU_ ......... pureCUSlntheeollds ;;; ,: :: !~~ ~= 1134 :;:; !~ 
1 ..... 11., .. ~~ •• ::; ;; 
~:~~ 
I ;; :;; ;; ;; ~~ '!~ ::; 1; ::: 
2007/'~ lM.8 :: ;; '~ ;; ~~ ~~ :; ::: 1; ;; 2007"~ 1I11L.9 avg ~ :; :; ;: ~= :: ~:~ !: 2007"~ 2M.l0 : :: =:~~l1avg :: ,= ::; ~~ :: :: ~~ l; 6M.12avg iii 40! 
SOqIIo' 
(111,"1 
Rlt'1216M1avg 6C 64.3 0.01 29.915 NR NR 1.11< 5.01 
(1IIfIIOI{1, CU M 112l104 Na K All 
; ~ ~ 
...... ..... , 
~:; ~~.~ 
~ :: ~:~ : 
~ 
~ ;; ;:; 
:: :: ~ ;~ ~:~ 
: :, ~ ;: .;: ~:: 6( 31 ~ .76.8 0.81 
611 51 o~ ~~ ~~ ~ OO~ 
I_basis, ~~' :""" \c;:: Add'Na S/Na 
Maie_"Io 
611 =- 1~: 48 t51 .~ • Na2S203.5H20 IOIIdo 110 91 ~~m.,::!:.~ 
.lmaI"","_ I. 1"10 .. :~:~ 107 '~o: 
~. 
611 ':: .... '4.1 !11K ~ 
r::;'----- = 35.64 , .... ,""-. 1.3C ~_(_S:TotoIS."'SI 











Appendix 8.5: Leach Profiles 
B.S. Leach Profiles 
1. Summary of predicted and measured concentration values 
Table 8.5.1: Summary of Rh precipitation concentration results (solids basis) 
Rh concentration [m....sr!l 
t=24O 
Reaction Path oC Feedt=O t=1 t=2 t= -5 t= -10 t=-3O t=60 t= 120 [or finali 
#1 ionic (solids) 50 93 84 84 60 78 76 75 75 74 
#2 60 93 61 55 51 49 47 47 45 46 
#3 95 93 40 40 39 37 34 32 33 33 
#4R 150 ·93 40 28 14.2 2.9 0.1 0.1 0.1 0.05 
#5b substitution 50 98 98 98 98 95 94 86 87 60 
#6b 60 93 92 91 83 85 85 85 63 62 
#7b 95 90 86 89 63 66 59 56 52 50 
#6b 150 92 35 18 4.8 1.2 0.4 0.1 0.1 0.1 
#9 co-preclpitation (soil 50 89 89 89 89 85 84 63 82 63 
#9R (solids) 50 97 97 97 97 97 94 92 91 92 
#10 80 89 66 65 85 63 80 56 49 
#11 95 89 59 65 56 53 42 41 41 39 
#llR 95 89 78 63 82 59 50 45 47 
#11 avg 95 89 89 84 59 56 46 43 44 39 
#12 150 8S 28 18 10 3.5 1.5 0.1 0.1 0.1 
Table 8.5.2: Summary of Rh precipitation extent for all reaction systems (solution basis) 
Rh concentration (m!lflJ 
t=24O 
Reaction Path oC Feed t=O t=l t=2 t= -5 t= -10 t= -30 t=60 t= 120 I(or final) 
#1 ionic (solids) 50 93 84 84 60 78 78 75 75 74 
#2 80 93 71 89 71 59 60 50 43 38 
#3 95 93 62 53 51 42 41 32 28 24 
#4R 150 93 40 28 14.2 2.9 0.1 0.1 0.1 0.05 
#5b substitution 50 98 126 109 98 95 94 86 87 60 
#6b 80 93 92 91 83 85 85 85 63 62 
#7b 95 90 86 69 63 68 59 56 52 5( 
#8b 150 92 35 18 4.6 1.2 0.4 0.1 0.1 0.1 
#9 co-DI'eclDHation (soli 50 89 89 89 89 85 84 63 62 63 
#9R (solids) 50 97 97 97 97 97 94 92 91 92 
#10 80 89 72 77 82 74 73 68 60 
#11 95 89 79 77 82 78 70 61 51 44 
#llR 95 89 82 81 79 78 84 59 52 
#11 avg 95 89 80 79 81 77 67 60 52 44 
#12 150 89 28 18 10 3.5 1.5 0.1 0.1 0.1 
Note: - em with time profile due to contamination and post precipitation pro/Jl 
- replaced 126 and 109 with 98 mfYI (same as fed and t=5 min) 
- calculated feed concentration at t = 0 are used in calculations to compensate for the varying dilution effect 
- #1, #9 and #9R on caculated from solids basis due to post precipitation 
t=l: #1-4; inject thiosulphate at temp and t=O 
1st sample more precipitation because thlosulphate in sampler (even though it was washed) 
or due to post precipitation 
#5b-#8b inject Rh at temp 
1st sample [Rh) higher that expected due to Rh contamination of 1st sample 
#9-#12 inject thlosulphate at temp and t=O 
1st sample more precipitation because thlosulphate in sampler (even though it was washed) 
ordueto post preclpltetlon 











Appendix B.5: Leach Profiles 
Table 8.5.3: Summary of Cu precipitation extent for all reaction systems (solids basi s) 
Temp Rh concentration [mgll 
Test # 
°c 1 min 2 min -5 min 10 min 30 min 60 min 120 min 240 min 
Co-precipitation system 
#9* 50 12939 12939 12939 12939 12894 12575 10880 10707 
#9R * 50 13115 13115 13115 13115 13115 12731 12291 11326 
#10 80 12798 10914 10810 10817 10695 10404 10256 9583 
#11 95 13287 11387 10744 11156 11010 10302 10194 
#11R 95 12462 11663 10513 10454 10228 9809 9570 9369 
#12 150 12762 9817 9595 9541 9520 9458 9430 
Table 8.5.4: Summary of Cu precipitation extent for all reaction systems (solution ba sis) 
Temp Rh concentration [mgll 
Test # 
°c 1 min 2 min -5 min 10min 30 min 60 min 120 min 240 min 
Co-precipitation system 
#9* 50 12939 12939 12939 12939 12894 12575 10880 10707 
#9R * 50 13115 13115 13115 13115 13115 12731 12291 11326 
#10 80 12798 11006 10900 10706 10992 10486 10175 9607 
#11 95 13287 10428 11279 10881 11019 10450 10070 
#11R 95 12462 10396 10419 10438 10321 10062 9838 9829 
#12 150 12762 9869 8869 10547 9987 9531 10498 
Table 8.5.5: Final solution comparison of measured concentration and calculated 
concentration using solids precipitation profile 
Test # Final solution (mg/l) Final solution (mg/l) Used in study (mg/l) 
Measured Calc from Measured Calc from 
concn solids concn solids 
Rh Rh Cu Cu Rh Cu 
1 65.1 74.3 -- -- 74.3 --
2 35.6 46.4 -- -- 46.4 --
3 23.7 32.7 -- -- 32.7 --
4R 0.1 56.4 -- -- 0.1 --
5b SO.3 -- -- -- SO.3 --
6b 61.5 -- -- -- 61.5 --
7b 49.7 -- -- -- 49.7 --
Sb 0.1 -- -- -- 0.1 --
9 55.2 55.6 10990 10380 55.6 103S0 
9R 9O.S 91.S 10S60 11500 91.S 11500 
10 57.0 48.7 9060 9520 4S.7 9520 
11 44.1 39.2 9990 10110 39.2 10110 
11R 52.1 47.3 9S30 9370 47.3 9370 











Appendix 8.5: Leach Profiles 
Table 8.5.6: Order of precipitation extent for final solution comparison of Rh precipitation 
extent on solution and solids 
Test # Final precipitation extent Final precipitation extent 
Measured Calculated 
on solution Order of X on solids Order of X 
1 slowest; 1 slowest; 
Rh 12 fastest Rh 12 fastest 
1 20 3 20 3 
2 62 8 50 I 
3 74 9 65 9 
4R 100 10-12 100 10-12 
5b 17 2 17 2 
6b 34 4 34 4 
7b 45 6 45 • 8b 100 10-12 100 10-12 
9R 5 1 5 1 
10 36 5 45 • 11 avg 47 7 52 I 
12 100 10-12 100 10-12 
This shows that the comparative precipitation extent between the solution basis and solid basis 
is very similar. Where the order did change, the difference between the actual precipitation 











Appendix B.S: Leach Profiles 
2. Calculation of precipitation extent and reaction rates over middle period: 
(pseudo first order kinetics at 150°C; logarithmic fit at 50 - 95°C) 
RATE dldI(Xrh) RATE 
dldt [Rh) = 
Sample /I Time XRh XCu XCu lSI order = const/t [Rh]o dldl(Xrh) X Rh calc [Rh] calc 
normalised 
min 1025% max ·rRh=k[Rh] /min mg/min/ltr mgIJ 
Rh/230615aA01L 1 avg 0 
Rh/230615a1fi1tlL4 80 
Rh/230616a/101l2 avg 0 
Rh/2306/6a1fi1tlL5 20 
Rh/230617a1to1L3 avg 0 
Rh/230617a/fiItlL6 15 
Rh/8aI0IL6 avg 0 
Rhl8alfi1tlL 10 
Rhl280615blT0/ L1 0 
RltlRh _ate _ Injection 0.01 0.000 Iln!11 !!Qee o·053lln!llll-lnl -0.1121 
Rhl280615b' 1/ L2 avg 1 0.002 0.05287 5.086 0.00 96.0 
Rhl280615b' 2A.3 avg 2 0.002 0.02644 2.543 0.00 96.0 
Rhl280615b' M.4 avg 5 0.002 0.01057 1.017 0.00 96.1 
Rhi28OeI5h' 1011..5 avg 10 0.013 0.00529 0.509 0.01 95.0 
Rhl2aoe15b' 3OIL6 30 0.019 0.00176 0.170 0.07 89.6 
RhlRhI2806I5I>' 8CII. 7 60 0.110 0.00088 0.085 0.10 86.1 
Rhl28OMb19M.8 90 0.126 0.00059 0.057 0.13 84.0 
Rhl280615b'1201L9 120 0.096 0.00044 0.042 0.14 82.6 
Rhl28OMb118011.10 180 0.201 0.00029 0.028 0.16 80.5 
RhI2aoeI5b' 24011.11 avg 240 0.201 0.00022 0.021 0.18 79.1 
Rhl28OMb12901l12 avg 290 0.165 0.00018 0.018 0.19 78.1 
Rh/030718b'lQ\.1 avg 0 11n!11 !!92e o·06Olln!llll-int -0.0121 
Rh _ala after Irjectlon 0.01 0.000 
Rh/0307I6b' llL2 avg 1 0.015 0.06026 5.625 -0.Q1 94.5 
Rh/030716b' 2A.3 avg 2 0.026 0.03013 2.813 0.03 90.6 
Rh/030716b' M.4 avg 5 0.110 0.01205 1.125 0.08 85.5 
Rh/RIV030716b' 1011..5 avg 10 0.095 0.00603 0.563 0.13 81.6 
Rh/030716b' 3OIL6 avg 30 0.086 0.00201 0.188 0.19 75.4 
Rh/030716b' 8C11.7 60 0.304 0.00100 0.094 0.23 71.5 
Rh/0307I6b' 9M.8 avg 90 0.241 0.00067 0.063 0.26 69.2 
Rh/030716b' 1201L9 180 0.329 0.00033 0.031 0.30 65.3 
Rh/030716b' 18011.10 avg 240 0.325 0.00025 0.023 0.32 63.7 
RhI0307I6b' 24011.11 290 0.341 0.00021 0.Q19 0.33 62.6 
Rh/280617b1101L 1 0 11n!11 sIooe o·06Olln!llll-int 0.1351 
Rh estimate after injection 0.01 0.000 
RhI2806I7bIlll2 avg 1 0.045 0.05991 5.392 0.13 n.9 
Rh/280617b121L3 avg 2 0.233 0.02995 2.696 0.18 74.1 
Rh/2806I7bl5lL4 5 0.296 0.01198 1.078 0.23 69.~ 
RhI2806I7bIl0/L5 10 0.263 0.00599 0.539 0.27 65.5 
Rh/2806/7b1301L6 avg 30 0.350 0.00200 0.180 0.34 59.5 
Rh/2806/7b1601L7 60 0.376 0.00100 0.090 0.38 55.E 
Rh/2806I7b1901L8 avg 90 0.389 0.00067 0.060 0.40 53.S 
Rh/280617b112O/L 11 avg 120 0.422 0.00050 0.045 0.42 52.1 
Rh/2806/7b1180/L9 avg 180 0.430 0.00033 0.030 0.45 49.S 




190718b1 OIL 1 avg 0 0.564 In(l) sIooe 0.14811n(1) y-Int 0.6761 
Rh estimate after injection 0.01 0.000 
190718b111l2 1 0.621 19.74 0.14754 13.642 0.68 35.G 
190718b121L3 avg 2 0.800 10.40 0.073n 6.821 0.78 18.5 
190718b141L4 4 0.950 2.61 0.03689 3.410 0.88 4.6 
190718b/71L5 avg 7 0.987 0.68 0.02108 1.949 0.96 1.2 
190718b1131L6 13 0.992 0.41 0.01135 1.049 1.05 0.7 
190718b1201L7 20 0.995 0.28 0.00738 0.682 1.12 O.S 
190718b1301L8 30 0.995 0.25 0.00492 0.455 1.18 0.4 











Appendix B.S: Leach Profiles 
RATE dldt(Xrh) RATE 
dldt[Rhl= 
Sample # Time XRh XCu XCu lSI order = constll [Rh]o dldt(Xrh) XRhcalc [Rh] calc 
normalised 
min lo25%111IIl ·rRh=k [Rh] Imln ma/min/ltr mg/l 
RNriIitJ7191 01 L 1 0 0.000 0.00 0.00 
RNriIitJ7 191111..2 aVII 1 0.000 0.00 0.00 
RNriIitJ719121L3 aVII 2 0.000 0.00 0.00 
RNriIitJ7191611.4 avo 5 0.006 0.00 0.00 
RNriIitJ71911 M.5 avg 10 0.050 0.00 0.01 
RNriIitJ71913C11.6 avg 30 0.281 0.03 0.11 
RNriIitJ71916M.7 avo 60 0.300 0.16 0.61 
RNriIitJ7191901L6 aVII 90 0.305 0.17 0.65 
RNriIitJ719112011.9 120 0.299 0.17 0.66 
RNriIitJ71911801L 10 aVII 180 0.325 0.17 0.65 
RhI060719124M.ll 240 0.325 0.18 0.70 
RhI06071913OO11. 12 avg 300 0.350 0.18 0.71 
RhlI40719R1 M.l avo 0 0.000 0.00 0.00 Iln!l! !!!!I!e 0.0231In!l! ~·Inl -0.051 
Rhll40719R121L2 avo 2 0.000 0.00 0.00 0.01143 1.11 -0.04 10004 
RhlI40719R151L3 5 0.000 0.00 0.00 0.00457 0.44 -0.01 9804 
RhlI40719R1 !111.4 9 0.003 0.00 0.00 0.00254 0.25 0.00 97.1 
RhlI40719R1141L5 avo 14 0.006 0.01 0.03 0.00163 0.16 0.01 96.1 
RhlI40719R12M.6 20 0.013 0.01 0.06 0.00114 0.11 0.02 95.3 
RhlI40719R1301L7 avg 30 0.027 0.03 0.11 0.00076 0.07 0.03 94.4 
RhlI407I9R16M.6 avo 60 0.053 0.06 0.24 0.00038 0.04 0.04 92.9 
RhlI40719R1901L6 avo 90 0.059 0.12 0.47 0.00025 0.02 0.05 92.0 
RhlI40719R112M.10 120 0.064 0.14 0.52 0.00019 0.02 0.06 91.3 
RhlI40719R11801L 11 avo 180 0.053 0.15 0.57 0.00013 0.01 0.07 90.4 
RhlI40719R124M.12 240 0.053 0.12 0.47 0.00010 0.01 0.07 89.8 
RhI05071101 M.l avo 0 0.000 0.00 0.00 11n!1! !!22!! o.032lln!l! ~-Inl 0.241 
RhI0507/101111..2 avo 1 0.262 0.15 0.56 0.03232 2.89 0.24 67.8 
Rhi050711 01211.3 avo 2 0.276 0.16 0.59 0.01616 1.44 0.26 65.8 
RhI0507/101611.4 avo 5 0.275 0.15 0.59 0.00646 0.58 0.29 63.2 
RhI0507/101101LS 10 0.292 0.16 0.63 0.00323 0.29 0.32 61.2 
RhI0507/101301L6 avo 30 0.333 0.19 0.72 0.00108 0.10 0.35 58.0 
RhIOIi0711016M.7 avg 60 0.353 0.20 0.76 0.00054 0.05 0.37 56.0 
RMI5071101901L6 90 0.380 0.21 0.82 0.00036 0.03 0.39 54.8 
Rhi0507110112011.9 120 0.447 0.25 0.96 0.00027 0.02 0.40 54.0 
RhIOIi07/10118011.10 avo 180 0.455 0.26 0.98 0.00018 0.02 0.41 52.8 
RhI0507110124M.ll avo 240 
RhI04071111 M.l avo 0 0.000 0.00 0.00 11n!1! !!22!! O.043lln!ll ~-Inl 0.351 
RhI0407I11/ 111..2 avo 1 0.336 0.14 0.55 0.04261 3.81 0.35 57.7 
RhI0407/11/21L3 2 0.449 0.19 0.73 0.02131 1.90 0.38 55.1 
RhlO407I11/611.4 avo 5 0.3n 0.16 0.61 0.00852 0.76 0.42 51.6 
RhlO407I11/ lOlLS avo 10 0.402 0.17 0.66 0.00426 0.38 0.45 49.C 
RhI0407/111301L6 30 0.527 0.22 0.86 0.00142 0.13 0.50 44.8 
RhI0407/11/801L7 60 0.546 0.23 0.89 0.00071 0.06 0.53 42.1 
RhlO407111/ 9OIL6 90 0.592 0.25 0.97 0.00047 0.04 0.55 40.6 
RhI0407/11/ 12011.9 avo 120 0.546 0.23 0.89 0.00036 0.03 0.56 39.5 
RhlO407/11/1801L 10 avo 180 0.568 0.24 0.93 0.00024 0.02 0.58 38.0 
RhlO407111/ 24M.l1 avo 240 0.561 0.24 0.92 0.00018 0.02 0.59 36.9 
j2107/11R1M.l aVII 0 0.000 0.00 0.00 Iln!ll !l!!!e o.069lln!l! ~-Int 0.191 
~107/11R1111..2 1 0.121 0.06 0.25 0.06897 6.16 0.19 72.6 
2107111R121L3 2 0.296 0.16 0.60 0.03449 3.08 0.23 68.3 
2107111 RI 611.4 5 0.305 0.16 0.62 0.01379 1.23 0.30 62.7 
~107/11R1101LS 10 0.340 0.18 0.69 0.00690 0.62 0.35 58.' 
j2107/11R1201L6 20 0.403 0.21 0.82 0.00345 0.31 0.39 54.2 
~107111R1301L7 30 0.439 0.23 0.89 0.00230 0.21 0.42 51.7 
2107111R16M.8 60 0.494 0.26 1.00 0.00115 0.10 0.47 47.4 




j2007l121 M.l 0 0.000 0.00 0.00 0.24 In(t) sIooe 0.060 Ilnlll v-Inl 0.81 
2007/121111..2 avo 1 0.682 0.23 0.88 6.72 0.05973 5.34 0.81 28.40 
2007112121L3 2 0.822 0.25 0.95 3.76 0.02987 2.67 0.85 15.90 
2007/121311..4 3 0.860 0.25 0.95 2.96 0.01991 1.78 0.87 12.50 
2007I12141L5 avo 4 0.893 0.25 0.97 2.26 0.01493 1.33 0.89 9.56 
20071121611..6 6 0.931 0.25 0.97 1.46 0.00996 0.89 0.91 6.17 
2007/12171L7 7 0.946 0.25 0.97 1.15 0.00853 0.76 0.92 4.85 
j2oo7l121101L8 10 0.961 0.25 0.97 0.83 0.00597 0.53 0.94 3.52 
2007/121151L8 avg 15 0.970 0.25 0.98 0.63 0.00398 0.36 0.97 2.65 
200711212M.l0 20 0.978 0.25 0.97 0.46 0.00299 0.27 0.98 1.95 
200711213C11.11 avo 30 0.983 0.26 0.99 0.36 0.00199 0.18 1.01 1.51 
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Figure 8.5.6a: Comparison of calculated Rh precipitation rates for ionic reaction system Rh over the middle period 
over 50 -150°C, showing that the rate is fairly independent of temperature at atmospheric temperatures and 
increases significantly at 150°C; rates tend towards zero precipitation prior to completion, showing passivation of the 
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Figure 8.5.6b: Comparison of calculated Rh preCipitation rates for substitution reaction system Rh over the middle 
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increases significantly at 150°C; rates tend towards zero precipitation prior to completion, showing passivation of the 
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Figure B.5.6c Comparison of calculated Rh precipitation rates for co-precipitation reaction system over 50 -150°C 
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8.6. Kinetic Modelling 
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Appendix B.6: Kinetic Modelling 
3. Comparison of pseudo first order and second order models over middle 
eriod 
Temperature _ ....
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4. Modelling rate constant to Arrhenius relationship 
















111' In(le) 111' 
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Using initial rates to fit Arrhenius constants over 95 - 150°C 




0.0027 -0.18555 0.0027 


























Appendix B.6: Kinetic Modelling 
A 
2 











Arrhenius constants fit over 50 - 150°C for middle 
Tern Ionic Substitution 
A B 
111' In 111' In 111' 
0.0031 0.00>21 0.0031 0.0011 0.0031 
0.0028 0.00117 0.0028 0.0018 0.0028 
0.0027 0.00153 0.0027 0.0021 0.0027 
0.0024 0.28351 0.0024 0. 0.0024 
Arrhenius constants fit over 50 - 95°C for middle 
Ionic Substitution 
A B 
111' In~) 111' InOO 111' In~) 
0.0031 0.00>21 0.0031 0.0011 0.0031 0. 
0.0028 0.0011 0.0028 0.0018 0.0028 
0.0027 0.00153 0.0027 0.0021 0.0027 












































R (A) - -9. 99E-01 
t(A) - -26.8553 
D.f.(A)-


















Appendix B.6: Kinetic Modelling 
Arrhenius constants fit over 95 - 150°C for middle period using pseudo kinetics 
Ionic Substitution Statistic 
A B A B 
111' 1"(Ie) 111' 1"(Ie) 111' 1"(Ie) 
N 2 2 
~x 
Mean X 
0.0027 0.00153 0.0027 0.0021 0.0027 0.002 ~Y 
0.0024 0.28351 0.0024 0.5639 0.0024 O. MeanY 
~x'12 
~y'12 




















Appendix 8.6: Kinetic Modelling 
Cu precipitation: Arrhenius fit for co-precipitation initial rate constant over 50 - 150°C 
Tem 
A B C 
111" 111" In 111" Statistic 
N 4 
LX 0.01 
0.0031 0.0031 -7. Mean X 0.00 
0.0028 0.0028 -1.8377 LY -12.64 
0.0027 0.0027 -1.8689 0.0027 -1.8689 MeanY -3.1612 
0.0024 0.0024 -1.3379 LX~ 0. 
LY~ 26.4525 
LXY -0.0022 
IvJ = 43.21 
V(Ao)= O. 0.00: 
A1 = -16302 -1.5CEi03 
V(A 1)= 0.00: O. 0.00: 
R(A) = -a03E-01 -9.53E-01 -1.00: 
t(A) = -1.9058 -3.1562 O. 
D.f.(A) = 2 1 












5. Rh Modelling data 
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ogarthm c fl t constants 
XRh = a In(t) + b 
a b 
#1 0.021 0.0939 
#2 0.027 0.383 
#3 0.019 0.558 
#4R 0.146 0.627 
#5b 0.053 -0.112 
#6b 0.060 -0.012 
#7b 0.060 0.135 
#8b 0.148 0.676 
#9R 0.023 -0.051 
#10 0.032 0.241 
#11 0.043 0.354 
#11R 0.069 0.187 
#12 0.060 0.81 
of XRh vs time 











Appendix B.7: Solution basis 
B.7. Individual and comparative results using solution basis 
#1, 9 and 9R are calculated on solids basis due to excessive post-precipitation. 
Table 88.1: SummaI"'! of Rh precipitation extent for all reaction systems (solution basis) 
Temp Rh precipitation extent [%1 
Test # 
DC 1 min 2 min -5 min 10 min 30 min 60 min 120 min 240 min 
Ionic system (solids basis) 
#1 * 50 9 10 14 16 18 19 19 20 
#2 80 23 25 24 36 35 47 53 62 
#3 95 33 43 45 55 56 65 70 74 
#4R 150 57 70 85 97 100 100 100 100 
Substitution system (solution basis) 
#5b 50 0 0 0 1 2 11 10 17 
#6b 80 1 3 11 9 9 30 33 34 
#7b 95 4 23 30 26 35 38 42 45 
#8b 150 62 80 95 99 100 100 100 100 
CO-DreciDitation system (solids basis) 
#9* 50 0 0 1 5 28 30 30 30 
#9R * 50 0 0 0 0 3 5 6 5 
#10 80 19 14 9 17 18 24 32 36 
#11 95 12 14 8 13 21 32 43 51 
#11R 95 9 10 11 15 28 34 42 NR 
#12 150 68 82 89 96 98 100 100 100 
* Note: profiles calculated using precipitated Rh In solids profile due to post precipitation In samples (see section 6.1.3) 
Calculation of initial rate constant 
change in slope [8203(2-)] k of rxn In k of rxn 
mmol I [Rh]I[Rh]o -In([Rh]/[T TIME k measure In(k) Cu~o 
1 0.08 0.91 0.09 1 0.093 -2.376 49.24 0.0019 -6.2727 
2 0.21 0.77 0.26 1 0.265 -1.330 49.24 0.0054 -5.2266 
3 0.29 0.67 0.40 1 0.395 -0.929 49.24 0.0080 -4.8255 
4R 0.51 0.43 0.84 1 0.840 -0.175 49.24 0.0171 -4.0714 
5b 0.00 1.00 0.00 1 0.002 -6.175 50.3 0.0000 -10.0926 
6b 0.01 0.99 0.01 1 0.015 -4.223 50.3 0.0003 -8.1411 
7b 0.04 0.96 0.05 1 0.046 -3.090 48.4 0.0009 -6.9696 
8b 0.56 0.38 0.97 1 0.971 -0.029 50.3 0.0193 -3.9467 
9 0.00 1.00 0.001 1 0.001 -6.907 45.7 0.0000 -10.7285 
9R 0.00 1.00 0.00 2 0.001 -7.600 45.66 0.0000 -11.4216 
10 0.17 0.88 0.13 1 0.127 -2.066 49.18 0.0026 -5.9612 
11 0.10 0.88 0.13 1 0.127 -2.066 45.68 0.0028 -5.8874 
11R 0.08 0.91 0.09 1 0.092 -2.389 45.66 0.0020 -6.2098 











Appendix B.7: Solution basis 
Calculation of activation ener 
Tem Ionic 
lIr In 111" In S1a1Istic A:n B:t Total 
N 4 4 8 
0.0031 -2.37593 0.0031 :EX 0.01 0.01 0.022011417 
0.0028 -1.32983 0.0028 Mean X 0.00 0.00 0. 
0.0027 -0.92876 0.0027 -3. :EY -4.81 -13.52 
0.0024 -0.17 0.0024 -0. MeanY -1.2023 -3.3792 
:Exl\2 0.00 0.00 
:EyJ\2 2.5245 19.8358 
:Exy -0.0008 -0.0023 
PooIsl\2 
I>D- 6.98E+OO 19.9167 
V(Ao)- o.oce+oo 0.0000 
Al- -2.98E-t03 -8466.85 
V(Al)- o.oce+oo 0.0000 
R(A)- -9.84E-Ql 1(A)- -7.7933 
D.f.(A)- 2 p(t{A})- 0.0161 
R(B)- -9.99E-Ql 1(8)- -3Q.2533 
D.f.(B) - 2 P(t{8}) - 0.0011 
ko 1.Cl8E-t03 4.4EE-+<l8 











Appendix C: Literature 
APPENDIX C - LITERATURE 
Additional details and comments of key papers referenced: 
Barken, V.Sh. and Greiver T,N. , "Coprecipitation of platinum metals with iron hydroxide", Russian 
Journal of Inorganic Chemistry, 22 (8),1977. Translated from Zhurnal Neorganicheskoi Khimii, 
22,2197-2203,1977. 
Barken and Gravier studied the effect of pH, temperature, iron-metal ratio and contact of PGM co-
precipitation with iron hydroxide in sulfate and sulfate-chloride solutions. Almost complete PGM 
co-precipitation occurred at specific conditions. Precipitation occurred through isomorphism, but 
complicated by the formation of hydroxosulfatoaquo- or hydroxochloroaquo- complexes. Iron (11/) 
facilitates the extensive hydrolysis of all the PGMs, except Pt, thus Pt can be separated from the 
other PGMs through oxidation in the presence of Fe(III). 
The Rhodium Removal Section in RBMR could be optimised by operating with Fe(OHh alone at 
elevated temperature and eliminate the undesired sulphur addition. 
Mc George, B. , "Recovery of PGMs from MC Plant process liquorS', Amplats Internal Refining 
Conference, RBMR Library, (2000). 
(Edited Abstract) 
Thioform, a mixture of sodium formate and sodium thiosulphate, removed Rhodium in base metal 
sulphate liquors from 10 - 30 mgll down to 5 mgll at 90 - 95°C. At least 90 minutes reaction time 
is required for effective Rh removal. 1 - 5 % of the total Cu co-precipitates as a copper sulfide, 
and insignificant Ni and Fe precipitation occurs. This is a Significant improvement on the caustic 
addition process that produced an average Rh concentration of 10 mgll. Temperature has the 
dominant effect on PGM removal efficiency. Rh was reduced to 0 - 3 mgll at 150°C under a 
nitrogen atmosphere at half the atmospheric thioform requirement. Rh precipitation extent and 
selectivity decreased with gentle mixing when compared to excessive agitation (10 - 1100 rpm), 
showing mass transfer limitations could occur. PGM precipitation extent and selectivity was not 
improved by splitting the reagent addition into multiple additions. Precipitation kinetics increase 
significantly at elevated temperatures, where less than 1 minute is required to achieve 0.1 mgll Rh 
at 170°C. Thioform addition at atmospheric conditions was successfully retrofitted into the current 
Rh removal section and increased the first pass recovery substantially. A pipe reactor will improve 
Rh precipitation extent to obtain complete recovery from the Pressure Vessel Liquor stream. 
Myasoedova, G.V., Malofeeva, O.P., Shvoeva, E.V., lIIarionova, S.B., Sawin, S.B. and Zolotov. Yu. A. V.1. 
Vernadskii Institute of Geochemistry and Analytical Chemistry, Academy of Sciences of the USSR. 
Translated from Zhural Analiticheskoi Khimii, Vol. 32, No.4, pp. 645-649, (1977). 
Myasoedova et al. (1977) developed a pre-concentration technique for group concentration of 
PGMs for subsequent analysis by instruments through the combined co-precipitation on CuS, 
thereby separating the PGMs from large amounts of Ni, Co, Fe, Ca, Mg, AI etc., followed by the 
CuS-PGM precipitate dissolution and separating the PGMs from the Cu by adsorbing the PGMs on 
a chelate resin. Rh and Ir precipitation was improved to 90% by using a mixed collector, namely, 
CuS and 2-mercaptobenzothiazole. If the solution to be analysed is low in Cu «1 gil) then Cu salt 
has to be added to bring it up to this level. Depending on the solution, only CuS co-precipitation or 
the sorption on a chelate could be used. 
Pavlenko, L.I., Malofeeva, G.I., Simonova, L.V. and Andryyushchenko, O.Yu. V.1. Vernadskii Institute of 
Geochemistry and Analytical Chemistry, Academy of Sciences of the USSR. Translated from 
Zhural Analiticheskoi Khimii, Vol. 29, No.6, pp. 1122-1129, (1974). 
Pavlenko et al. (1974) developed an analytical procedure for pre~concentrating PGMs from base 
metal sulphate solutions in chloride media containing low PGM concentration prior to analysis. 
Hydrogen sulfide previously used for sulfide carrier precipitation was replaced with thioacetamide 
(TAA) (2%) addition. Sulfuric acid was added to break down the PGM-TAA complexes. Cu in 
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coagulation of the precipitate. A large number of different inorganic sulfides exhibiting the opposite 
properties (acidic or basic) to the PGM sulfides were tested. 
Pshenitsyn, N.K. and Prokof'yeva, Zhural Neoganicheskoi Khimii (J. of Inorganic Chem.), Vol. III. No.4, 
(1958), pp. 996-1001. English translation. 
Pshenisyn and Prokof'yeva (1958) investigated the use of thiourea for qualitative separation of 
PGMs from solutions, particularly Rh and Ir. PGM complexing with thiourea occurred. Upon 
heating selective PGM sulfide precipitation occurred through hydrolysis at elevated temperatures 
between 120 -190 °c or in solution of concentrated sulfuric acid. Low concentrations of Fe, Ni 
and Se did not interfere with the analytical method, while Cu, Pb and Sn were partially co-
preCipitated. 
Konig et al. from Degussa has patented a novel substituted thiourea, which acts as a selective 
bulk preCipitant for PGMs, thus giving a clean precious metal concentrate for subsequent 
processing. 
Roy, T.K., "Preparing nickel and cobalt concentrates.", Ind. Eng. Chem., 53 (1961): 559-566. 
Roy (1961) studied the kinetics of Co and Ni preCipitation in the development of a process using 
hydrogen sulfide. Roy showed the catalytic effect of seeding the Ni preCipitation with finely 
powdered metallic Ni or Fe and recycled MeS product. The seeding effect was less pronounced at 
temperatures greater than 120°C, but an explanation for this was not offered. It is probably due to 
more or faster primary nucleation occurring at elevated temperatures, thus negating the need for 
an initial seed. In the initial preCipitation phase the reaction was independent of Ni concentration 
(zero order) and probably limited by the mass transfer of H2S to the solution. After the bulk of the 
Ni and Co was precipitated, the reaction then switched to first order kinetics, and Roy suggested 
that it was probably limited by transfer of Ni2+ to the sulfide surface, because significantly faster 
kinetics was observed in the turbulent pipe reactor pilot plant compared to the initial, agitated batch 
reactor tests and 4-stage CSTR in series, where the same precipitation extent was achieved in the 
pipe reactor within 5 - 10 % of the residence time. 
Shorikov, Yu. S., Orlov, A.M. and Kornyushina, S.N. , State scientific research and planning institute for 
the rear earth industry. , Translate from: Zhural Prikladnoi Khimii, Vol. 59, No.3, pp. 496-499, 
(1986). 
Shorikov et al. (1986) investigated the sulfide precipitation of Rh, Ru and Ir from chloride solutions 
as containing 2-500 mg/l PGMs at 100°C using sulfur dissolved in 1 % caustic solution. The sulfur 
solution contained largely polysulfides (NaSx) with 50 g sulfur per litre, which retained its activity for 
at least 3 weeks. Direct extraction of Ru into sulfide precipitate from a synthetic solution not 
containing base metals was 99.3 - 99.7 % for 60 - 90 min reaction time, 80 -100°C operating 
temperature and S:Ru of 29 - 32 on molar basis. The initial and final terminal pH had a significant 
effect preCipitation extent. The extraction extent increases significantly with increasing Ru 
concentration, though a terminal Ru concentration between 0.5 - 0.7 was achieved in all tests. 
Similar results were achieved over a wide range of chloride salt concentrations. Direct Rh 
preCipitation maximum was 80%, while Ir was only 40%, which is in line with the decreasing 
solubilities: Ir2S3 > Rh2S3 > RUS2. The transfer of PGMs to soluble thio salts (e.g. [RuSalt) is 
primarily a function of terminal pH, which in turn is a function of initial pH. Significant reduction in 
metal transfer to precipitate occurs if pH > 2-3 due to the complexing in solution. Acidification 
decomposes the thio salts, which precipitate sulfides and sulfur. 
This critical paper highlights the fact that direct preCipitation of PGMs to their sulfides does occur 
without the co-precipitation of base metal sulfides [there were no base metals present] and that the 
required terminal acid concentration is paramount to break down the thio-PGM complexes. This 
complexing with sulfide (or sulfites and thiosulfates if sodium thiosulfate is added) would have to 
be taken into conSideration in the mechanism. Increasing the temperature would increase the 
decomposition rate of these complexes. Unfortunately, this acid also digests the thiosulphate to 
elemental sulphur. The reaction times were similar to that of PGM co-precipitation on CuS. 
Elemental S dissolved in 1 % caustic should be considered as a possible reagent for Rh removal 
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